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ABSTRACT 
 
Chapter One. A brief discussion of the relevant background in intramolecular 
cyanoamidation. Examples from successive methodology studies are given. The proposed 
mechanism and published mechanistic experiments are presented, along with its 
applications in the synthesis of complex molecules. 
 
Chapter Two. A summary of the design, discovery, and optimization of the 
diastereoselective intramolecular cyanoamidation reaction is presented. Significant 
findings are discussed along with a preliminary substrate scope. A detailed description of 
our attempts to cleave the chiral directing group is given. 
 
Chapter Three. An overview of the Aspidosperma alkaloid family with an emphasis on 
quebrachamine is presented. A discussion is given of the isolation, biological activity, and 
previous total syntheses of quebrachamine. Strategies for the synthesis of the all–carbon 
quaternary center and formation of the nine–membered ring are specified. 
 
Chapter Four. A novel strategy for the total synthesis of quebrachamine via intramolecular 
cyanoamidation is proposed. Three routes to the key cyanoformamide intermediate are 
presented. Optimization of the intramolecular cyanoamidation is described along with 
reproducibility studies. Progress toward the final ring closure between indole and nitrile 
groups via one– and two–step methods is discussed, along with future work. 
iv 
 
Chapter Five. The application of a serendipitously discovered Bischler–Napieralski-type 
reaction toward the total synthesis of eburnamonine is proposed. Optimization of the 
reaction is discussed along with attempts to grow high-quality crystals of the product. 
Subsequent efforts to hydrogenate the iminium ion product are presented. 
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CHAPTER ONE 
An Overview of Intramolecular Cyanoamidation 
 
 
1.1 Methodology studies 
 
The oxidative addition of transition metals into carbon–nitrile (C–CN) bonds is 
aided thermodynamically through the formation of strong metal–nitrile bonds and 
kinetically by the coordination of nitriles to metals. Transition metal activation of C–CN 
bonds with subsequent functionalization holds great potential for simultaneous formation 
of two new C–C sigma bonds, rapidly building molecular complexity with excellent atom 
economy. Takemoto and collegues1–4 as well as our group5 have recently reported 
palladium–catalyzed C–CN bond activation reactions, and others have studied C–CN bond 
activation using other catalysts.6–15   
An early report of catalytic carbon–nitrile (C–CN) bond activation was in 2005 by 
Nishihara and coworkers.16,17 They achieved the stereoselective cyanoesterification of 
norbornenes 1.1 using a cyanoformate with a palladium catalyst to form esters 1.2 (Scheme 
1.1). Several other successful cyanoesterification reactions have since been performed on 
1,2-dienes18,19 and alkynes20 with nickel catalysts. Most recently, our group published a 
palladium–catalyzed intramolecular cyanoesterification of alkynes.5 An advantage of 
intramolecular C–CN activation reactions is the construction of ring systems. 
3 
 
 
Scheme 1.1. Cyanoesterification of norbornenes via C–CN bond activation. 
 
 Another C–CN bond activation reaction related to cyanoesterification is 
cyanoamidation. Cyanoamidation, the focus of this work, is the activation of a 
cyanoformamide C–CN bond with subsequent addition of the carbonyl and nitrile across 
an unsaturated group. In 2006, Takemoto et al.2 reported the transition–metal catalyzed 
intramolecular cyanoamidation of alkynyl cyanoformanilide 1.3, cyanoformamide 1.5, and 
1,1-disubstituted alkene 1.7 to provide products 1.4, 1.6, and 1.8, respectively (Scheme 
1.2). The alkene reaction is of particular interest as the oxindole product contains an all–
carbon quaternary center, which is synthetically challenging to make. They found that 
Pd(PPh3)4 gave the best yield of several palladium catalysts they tried, and no reaction 
occurred with rhodium, platinum, or nickel catalysts. A good to excellent ratio of Z/E 
isomers (with Z favored) was observed for their reaction with alkynes. In addition to γ-
lactams, δ- and ε-lactams were prepared (not shown). Attempts to expand the scope to 
include mono–substituted alkenes yielded nitrile elimination products, presumably due to 
β-hydride elimination.3  
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Scheme 1.2. First transition metal–catalyzed carbonylative cyclization from C–CN bond 
activation. 
 
Takemoto and coworkers1,4 later found an enantioselective approach to the 
cyanoamidation of olefins such as 1.9 using a dibenzylideneacetone (dba) precatalyst 
Pd(dba)2 in the presence of optically active ligand 1.11 to give oxindole products such as 
1.10 (Scheme 1.3). The reaction tolerated substitution on the aromatic ring except ortho to 
the alkene group. With optimized conditions at 100 °C for 24 h, a quantitative yield and an 
enantiomeric ratio (e.r.) of up to 93:7 was achieved.   
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Scheme 1.3. First enantioselective intramolecular cyanoamidation. 
 
Cyclization with aliphatic–tethered alkene 1.12 was also reported1 (Scheme 1.4), 
but the yield and e.r. of the lactam product 1.13 were poor. Cyanoamidation reactions with 
a high degree of enantioselectivity have been limited to those that form oxindole products 
such as 1.10. Recently, we developed a diastereoselective intramolecular cyanoamidation 
reaction which employs a chiral directing group to provide aliphatic lactam products 
stereoselectively (see Chapter 2). 
 
 
Scheme 1.4. Cyclization with an aliphatic–tethered alkene.  
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1.2 Proposed mechanism 
 
 It is generally accepted that the cyanoamidation mechanism goes through a 
palladium(0)/palladium(II) cycle. The basic steps are shown in Scheme 1.5 (ligands are 
excluded for clarity). The Lewis acid may coordinate to the nitrile of a cyanoformamide 
such as 1.14, weakening the C–CN bond. Oxidative addition of palladium(0) gives 1.15, 
with the nitrile group bound to the palladium. The palladium may coordinate to the alkene, 
setting up migratory insertion. Carbopalladation across the double bond closes the ring to 
give a lactam such as 1.16. Reductive elimination makes the second C–C bond of product 
1.17 and regenerates the palladium(0) catalyst. 
 
 
 
Scheme 1.5. Proposed cyanoamidation mechanism with Lewis acid. 
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1.2.1 Mechanistic studies 
 
 Compared to methodology studies of cyanoamidation, there have been few 
intentional and rigorous mechanistic studies. Jones et al.21 and Douglas et al.22 (see Section 
1.2.2) have performed experiments exploring parameters such as solvent and additive 
effects in C–CN bond activation, while Nakao and coworkers20,23 and Nishihara et al.16 
determined reactive intermediates through X-ray crystallography. Otherwise, mechanistic 
understanding has primarily been gained in the course of other studies, often through the 
discovery of unexpected reactivity. 
 Takemoto et al.3 observed β-hydride elimination product 1.20 from the reaction of 
activated cyanoformamide 1.18 with Pd(PPh3)4 instead of the expected product 1.22 
(Scheme 1.6). From this they determined that the mechanism likely involved 
carbopalladation intermediate 1.19 and not cyanopalladation intermediate 1.21, which 
would have resulted in product 1.22. This was corroborated when lactam 1.22 was 
subjected to the reaction conditions and no formation of alkene 1.20 was observed. It is 
possible that the transformation of 1.22 to 1.20 is uphill. However, in such a case, we could 
expect to see some formation of 1.22 from 1.18 if cyanopalladation was operative, but this 
was not observed. 
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Scheme 1.6. β-Hydride elimination product 1.20 observed. 
 
 X-ray structures have provided insight into C–CN bond activation by determining 
intermediates in the mechanism. Nishihara et al.16 conclusively demonstrated oxidative 
addition of palladium into a C–CN bond during cyanoesterification by the isolation of 
cyano(ethoxycarbonyl)palladium complex trans-Pd(CN)-(COOMe)(PPh3)2 (1.23) (Figure 
1.1). Later, Nakao et al.23 isolated nickel complex intermediates in arylcyanation. ƞ2-Nitrile 
complex (1.24) was observed in the presence of Lewis acid AlMe2Cl (no complex formed 
without added aluminum). Oxidative addition of the C–CN bond proceeded at rt within 6 
h, as also confirmed by X-ray crystallography. Finally, oxidative addition into a C–CN 
bond was demonstrated with an X-ray crystal structure in nickel–catalyzed cyanoamidation 
with triphenylborane bound to the nitrile.20 
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Figure 1.1. Intermediates isolated by X-ray crystallography. 
 
1.2.2 Additive studies 
 
 Several of the palladium–catalyzed cyanoamidation reactions described use N,N-
dimethylpropylene urea (DMPU), a Lewis base, as an additive. However, other studies 
suggest that Lewis acid additives promote C–CN bond activation.21,24,25 Additionally, 
Nakao et al.20,26 reported the use of Lewis acid cocatalysts for nickel–catalyzed 
carbocyanation, cyanoesterification, and cyanoamidation reactions. They also developed 
intramolecular oxycyanation27 and aminocyanation28 reactions with alkenes using 
cooperative palladium/boron catalysis. A study of additive effects on the oxindole–forming 
cyanoamidation reaction (see Scheme 1.3) was undertaken by our research group.22 When 
Pd2(dba)3 was used as a precatalyst with ligand 1.11, it was found that DMPU is detrimental 
to the reaction rate, and has no effect on enantioselectivity. Lewis acid was found to 
improve the reaction rate but lower the enantioselectivity by preventing dissociation of 
CN¯ from the palladium as determined by initial rates and crossover experiments.  
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1.3 Applications of cyanoamidation reactions 
 
Bond activation can efficiently and selectively provide access to motifs that are 
otherwise difficult to access. The applications of C–CN bond activation in total synthesis 
are relatively unexplored. Intramolecular cyanoamidation is the focus of this work because 
of its potential utility in the synthesis of (–)-quebrachamine (see Chapter 4). Similar 
reactions such as cyanoesterification,5,18–20 arylcyanation,13,23,29 alkylcyanation,26,30,31 and 
other organometallic C–C bond functionalization methods are known, and may be more 
appropriate for different synthetic targets. 
An advantage of metal–catalyzed cyanoamidation is that the functionality of the 
nitrile is retained, which can be useful for further manipulation of the molecule. Nitriles 
can undergo a variety of reactions or can be converted into other functional groups through 
simple transformations.32 They are prevalent in pharmaceutical agents,33 some natural 
products, such as certain secondary metabolites, contain nitrile groups,34 and so do some 
notable organic materials.35  We take advantage of this functionality in our proposed route 
to (–)-quebrachamine (see Chapter 4).   
Additionally, cyanoamidation allows the construction of all–carbon quaternary 
centers, which makes it a desirable methodology to use in the synthesis of natural products. 
The intramolecular cyanoamidation strategy has been successfully applied to total 
synthesis. Takemoto et al.3 used cyanoamidation in the synthesis of natural product 
esermethole (1.26), an indole alkaloid bearing an all–carbon quaternary center, in 6 steps 
from cyanoamidation product 1.25 (Scheme 1.7). 
11 
 
 
Scheme 1.7. Cyanoamidation applied to the total synthesis of esermethole. 
 
Takemoto et al.36 imagined that vincorine (1.29) could be made from intermediate 
1.28, which has the same 1,2,3,3a,8,8a-hexahydropyrrolo[2,3-b]indole core as vincorine 
(Scheme 1.8). Their key intermediate, indole 1.28, was made from the cyanoamidation of 
cyanoformamide 1.27, followed by conversion of the nitrile to a di-tert-butyl dicarbamate 
(Boc)–protected amine and alkylation/cyclization with an organolithium. However, 
follow-up studies describing the conversion of 1.28 to vincorine have not yet been reported. 
 
Scheme 1.8. Cyanoamidation applied toward the total synthesis of vincorine. 
 
 Besides quebrachamine, our group has explored the synthesis of other natural 
products via cyanoamidation. It was envisioned that the pyrroloindoline core of drimentine 
C (1.32) could be accessible from oxindole 1.31 constructed through cyanoamidation 
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(Scheme 1.9a).37 However, synthesis of the key cyanoformamide intermediate 1.30 proved 
challenging. Further studies toward the total synthesis continued on a different, more 
convergent route which utilized α-alkylation of enamine 1.34 with bromopyrroloindoline 
1.33 using photoredox catalysis as a key step (Scheme 1.9b). 
 
Scheme 1.9. (a) Proposed cyanoamidation toward the total synthesis of drimentine C.  
(b) Revised total synthesis via a convergent route 
 
The total synthesis of madangamine A (1.37) via an unprecedented double 
cyanoamidation has also been explored (Scheme 1.10).38 The madangamine core is a 
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diazatricyclic caged structure containing two piperidine rings. A double tandem 
diastereoselective cyanoamidation reaction could easily construct this densely 
functionalized core from an intermediate such as 1.35. β-Hydride elimination following 
cyclization of the first piperidine ring would provide the alkene necessary for the second 
cyanoamidation reaction to give 1.36. Such a cyanoamidation cascade has high synthetic 
utility and has not previously been demonstrated. 
 
Scheme 1.10. Proposed synthesis of the madangamine core via a double cyanoamidation. 
 
 In conclusion, intramolecular cyanoamidation has been established as an effective 
method for the formation of C–C bonds. However, space remains for significant expansion 
of the methodology, particularly for asymmetric approaches (see Chapter 2 and Chapter 4, 
section 4.5). Mechanistic questions still remain, and much of the work toward 
demonstration of the reaction in total synthesis has yet to be completed.  
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CHAPTER TWO 
Diastereoselective Intramolecular 
Cyanoamidation with Alkenes*1 
 
 
2.1 Reaction discovery and optimization 
 
As discussed in her thesis, Dr. Ashley Dreis39 began a project aimed at 
demonstrating the first general diastereoselective cyanoamidation reaction, with 
diastereoselectivity imparted by a directing group. One purpose of this strategy was to 
reduce our dependence on chiral ligands for stereoselectivity, as chiral ligands are often 
expensive and difficult to synthesize. Additionally, due to the lack of systematic studies, 
rational ligand design is a challenge and often little better than trial-and-error. After her 
initial reaction discovery and optimization, the project was continued by other group 
members, myself included, and published in 2017.40 
Scheme 1.10 shows the significant improvement in both yield and stereoselectivity 
represented by this study (vs prior results in enantioselective cyanoamidation, see Scheme 
1.4). Our work achieves the facile synthesis of lactams (1.37) with an all-carbon quaternary 
                                                          
*1This chapter describes the outcome of a collaborative research project carried out by 
Dreis, Otte, Eastwood, Alonzi, and Brethorst (and advised by Douglas). A report on this 
research project has been published: Dreis, A. M.; Otte, S. C.; Eastwood, M. S.; Alonzi, 
E. R.; Brethorst, J. T.; Douglas, C. J. Eur. J. Org. Chem. 2017, 1, 45–48. 
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center from cyanoformamides 1.36, and expands the scope of lactams accessible via 
stereoselective cyanoamidation. It also demonstrates the effectiveness of chiral directing 
groups in metal-catalyzed reactions, which is an under-utilized approach. 
 
Scheme 2.1. Intramolecular diastereoselective cyanoamidation with alkenes. 
 
 N-Phenyl(ethyl) protected cyanoformamides successfully cyclized to δ-lactams 
with Pd2dba3, a phosphine or phosphoramidite ligand, and triphenylborane within 48 h at 
130 °C. A 79:21 d.r. was achieved with triphenylphosphine as the ligand, demonstrating 
that the chiral directing group was capable of imparting stereoselectivity in the absence of 
a chiral ligand. The reaction temperature, ligand, and directing group were optimized for 
conversion, chemoselectivity, and diastereoselectivity (for full results, see reference 40). 
Ligands with various cone angles and electronic properties were examined, but no 
correlations between ligand structure and activity or selectivity could be drawn. When a 
chiral phosphoramidite ligand was used, the d.r. was reversed to favor the diastereomer 
that had been minor with achiral ligands. In addition to product 1.39, a γ-lactam byproduct 
1.40 was observed, which likely formed from cyanoformamide 1.38 via olefin 
isomerization and β-hydride elimination (Scheme 2.2). We suggested that stereochemical 
match/mismatch effects between the substrate and the ligand could account for the changes 
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in selectivity. This was substantiated when the results with the ligand’s enantiomer gave 
the original diastereomer as the major product (100% conversion, 86.5:13.5 d.r.) and a 
decreased amount of the byproduct was observed. 
 
Scheme 2.2. Cyanoamidation byproduct 1.40. 
 
 The N-naphthyl(ethyl) directing group also successfully imparted 
diastereoselectivity with an achiral catalyst with a d.r. comparable to the phenyl variant. 
However, mismatched ligands were unable to reverse the inherent stereoselectivity 
obtained with the naphthyl group as they had with the phenyl group. Additionally, the 
naphthyl group imparted less chemoselectivity for product 1.39 over byproduct 1.40 than 
the phenyl directing group when matched ligands were used, but more chemoselectivity 
than the phenyl group in the case of mismatched ligands. 
 Further experiments revealed that 3,3-disubstituted γ-lactams also formed under the 
reaction conditions from the corresponding substrates (cyanoformamides 1.36, n = 1). 
However, the best diastereoselectivities were observed with achiral catalysts, even with the 
larger naphthyl directing group, suggesting that chiral ligands do not impart much, if any, 
stereochemical information in this case. When triphenylborane was excluded from the 
reaction, the diastereoselectivity was diminished. This is in contrast to the Lewis acid effect 
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observed by Douglas et al.22 (see Section 1.2.2), suggesting some change to the stereo-
determining step. A β-lactam 1.43 was also formed, albeit in a 50:50 d.r., allowing us to 
establish a trend of d.r. increasing with ring size. The corresponding reactions to form δ- 
and γ- lactams 1.41 and 1.42 had a 79:21 d.r. and a 66.5:33.5 d.r., respectively (Figure 2.1). 
 
Figure 2.1. Stereoselectivity increases with ring size. 
 
2.2 Directing group removal 
 
The synthetic utility of this diastereoselective cyanoamidation methodology could 
be improved by the development of a procedure for removal of the directing group after 
separation of the diastereomeric products. A simple and general method for removing the 
phenyl(ethyl) or naphthyl(ethyl) moieties would elevate their status in this reaction from 
“directing groups” to “chiral auxiliaries.” Dreis initially envisioned that either 
hydrogenation or a Birch reduction could accomplish this task, retaining the nitrile to give 
deprotected lactam products 1.45 from N-phenyl(ethyl) and N-naphthyl(ethyl) lactams 1.44 
(Scheme 2.3). 
18 
 
 
Scheme 2.3. Directing group removal to reveal deprotected lactam products. 
 
The first attempt at the directing group cleavage was performed by Elizabeth 
Alonzi, my undergraduate mentee, under my supervision. The procedure was based on a 
report by Weaver et al.41 in which they achieved excellent chemoselectivity in their 
benzhydryl deprotection of uracils 1.46 to products 1.47 (Scheme 2.4). When we exposed 
lactam 1.44 to the same conditions (phenyl substrate, n = 2), incomplete consumption was 
observed by TLC after 30 minutes. The reaction was ended after an additional 30 minutes. 
Analysis by 1H NMR and 13C NMR showed remaining starting material and a new product 
in which the nitrile had been converted to the amide. No desired product was observed. 
 
Scheme 2.4. Benzhydryl deprotection conditions with trifluoromethanesulfonic acid. 
 
The next attempts at performing the directing group removal were performed by 
myself directly. Trifluoromethanesulfonic acid was used again, this time in the presence of 
19 
 
anisole and nitromethane according to a procedure by Ishii et al.42 The authors reported the 
removal of phenyl(ethyl) groups from oxazolidinone 1.48 to give the deprotected product 
1.49 (Scheme 2.5). However, subjection of lactam 1.44 (phenyl substrate, n = 0) to the 
conditions resulted in a mixture of products. An attempt to separate and characterize the 
products was unsuccessful, but mass spectrometry (ESI) confirmed that the mixture 
contained no starting material or desired product. 
 
Scheme 2.5. Phenyl(ethyl) deprotection conditions with trifluoromethanesulfonic acid. 
 
The next attempt at auxiliary cleavage followed a procedure by Dechoux et al.43 in 
which tetrahydropyrimidinone product 1.51 was provided from phenyl(ethyl)–protected 
1.50 upon refluxing with sulfuric acid (Scheme 2.6). However, lactam 1.44 (phenyl 
substrate, n = 2) immediately decomposed upon addition of concentrated sulfuric acid as 
shown by 1H NMR and TLC. 
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Scheme 2.6. Phenyl(ethyl) deprotection conditions with sulfuric acid. 
 
Several reports have used methanesulfonic acid to remove phenyl(ethyl) groups. 
Lee and coworkers44,45 successfully deprotected oxazolidinones 1.52 and 1.54 in hexanes 
and toluene to give chloro- and iodo- products 1.53 and 1.55 (Scheme 2.7). Anisole was 
used as a nucleophilic carbocation scavenger. Lactam 1.44 (phenyl substrate, n = 0) was 
allowed to react with methanesulfonic acid and anisole in hexanes, but only decomposition 
occurred and no starting material or desired product was observed by mass spectrometry 
(ESI) or 1H NMR.  
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Scheme 2.7. Phenyl(ethyl) deprotection conditions with methanesulfonic acid and anisole. 
 
When the reaction was repeated in toluene (naphthyl substrate, n = 2), a new 
product was observed. Mass spectrometry (ESI) and 1H NMR indicated that the 
naphthyl(ethyl) group had not been cleaved, but the nitrile had been reduced to the primary 
amine. Finally, a procedure by Sacchetti et al.46 was attempted which excluded anisole as 
an additive to give spirohydantoin 1.57 from phenyl(ethyl)–protected 1.56 (Scheme 2.8). 
In this case, the nitrile of lactam 1.44 (phenyl substrate, n = 2) was hydrated to the primary 
amide. Again, no evidence of auxiliary cleavage was observed. 
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Scheme 2.8. Phenyl(ethyl) deprotection conditions with methanesulfonic acid. 
 
Formic acid was shown by Chen and Joullie47 to remove a phenyl(ethyl) group from 
acetamide 1.58 to give the debenzylated product 1.59 (Scheme 2.9). The procedure called 
for stirring at ambient temperature for 2 h, followed by heating at 60 °C for an additional 
2 h. This protocol was followed and the reaction was monitored by TLC. However, even 
after stirring at 60 °C for 18 h, no consumption of lactam 1.44 (naphthyl substrate, n = 2) 
was observed by TLC or 1H NMR. 
 
Scheme 2.9. Phenyl(ethyl) deprotection conditions with formic acid. 
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Robarge et al.48 reported the cleavage of a diphenylmethane protecting group using 
triethylsilane and trifluoroacetic acid. Their bicyclic benzodiazepinedione product 1.61 
retained the nitrile found on the protected starting material 1.60 (Scheme 2.10). When 
lactam 1.44 (naphthyl substrate, n = 2) was refluxed with triethylsilane and TFA, the 
starting material was consumed within 1 h. 1H NMR showed a complex mixture of 
decomposition products which were not identified. 
 
Scheme 2.10. Diphenylmethane deprotection with triethylsilane and trifluoroacetic acid. 
 
Shi et al.49 also encountered problems with reduction and hydrogenation conditions 
in their deprotection of various benzyl amines. Birch and triethylsilane conditions were 
likewise ineffective. However, they found some success with oxidants 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) and ceric ammonium nitrate (CAN). Phenyl(ethyl)–
protected piperidine 1.62 was transformed into secondary amine 1.63 (Scheme 2.11). The 
mediocre yields were said to be due to decomposition of the product. When lactam 1.44 
(phenyl substrate, n = 2) was treated with DDQ, new products were observed by TLC. 
However, incomplete consumption of starting material was observed after 27 h, and no 
desired product was seen by mass spectrometry (ESI). 
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Scheme 2.11. Phenyl(ethyl) deprotection under oxidative conditions. 
 
 Oxidation with CAN in aqueous acetic acid was next attempted with lactam 1.44 
(phenyl substrate, n = 2). The reaction was monitored by TLC, and a new product was 
observed within 5 minutes. Starting material remained after 21 h of reaction time, but no 
other products were visible by TLC. The reaction was worked up, and only starting material 
with minor impurities was observed by mass spectrometry (ESI) and 1H NMR. The 
material was resubjected to the reaction conditions and the temperature was increased to 
65 °C for 25 h. No new products were observed by TLC, so the temperature was increased 
again to 85 °C. After another 25 h, new spots were visible by TLC. Mass spectrometry 
(ESI) showed peaks at 105.1, which could correspond to styrene, 174.9, which could 
correspond to the desired product, and 279.2, which corresponds to starting material. The 
1H NMR spectrum was inconclusive, showing mostly starting material and unidentified 
impurities. A preparative TLC was performed to purify the mixture. The starting material 
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was recovered, but no new products were isolated. The starting material was again 
subjected to the reaction conditions at 85 °C, but with an increased amount of CAN (10 
equivalents). After 18 h, the starting material was consumed. After purification by a pipet 
column, mass spectrometry (ESI) again showed a peak consistent with the desired product, 
and 1H NMR showed new product peaks that were also consistent with the deprotected 
lactam. 
 The reaction was repeated with 10 equivalents of CAN at 85 °C. However, a 
different product mixture was observed after 18 h. The starting material was consumed, 
but none of the desired product was evident by mass spectrometry (ESI) or 1H NMR. We 
made a second attempt to reproduce the previous results, this time with the naphthyl 
substrate (n = 1). The starting material was consumed as before, and peaks consistent with 
the desired product were observed in the crude reaction mixture by 1H NMR and mass 
spectrometry (ESI). The product was again purified by pipet column but contained a small 
amount of a minor byproduct. After standing overnight as a chloroform solution, there were 
signs of further decomposition to the byproduct. Another attempt to replicate the initial 
results was made by Matthew Eastwood (phenyl substrate, n = 2), but again, partial 
decomposition was observed. Despite the promising initial data, no further experiments 
with CAN were attempted due to its irreproducibility.  
 Matthew Eastwood also tried to cleave the phenyl(ethyl) group using potassium 
bromide and Oxone®. As described by Togo et al.,50 N-phenyl(ethyl) protected amine 1.64 
was deprotected to give product 1.65 (Scheme 2.12). When lactam 1.44 (phenyl substrate, 
n = 2) was subjected to the reaction conditions, new spots appeared by TLC within 3 h. 
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The reaction was continued for an additional 17 h, but mostly starting material was 
observed by 1H NMR. The material was resubjected to the reaction conditions with the 
temperature increased to 50 °C. After 19 h, no change had occurred. The temperature was 
increased to reflux. After 1.5 h, it was observed that the Oxone® was largely undissolved. 
Water was added to homogenize the reaction mixture. After an additional 19 h at reflux, 
there was still no reaction. 
 
Scheme 2.12. Phenyl(ethyl) deprotection with potassium bromide and Oxone®. 
 
Another deprotection attempt was made by Matthew Eastwood using hydrogen 
bromide in acetic acid. Nair et al.51 reported the deprotection of N-phenyl(ethyl)–protected 
1.66 to product 1.67 in the presence of a nitrile (Scheme 2.13). Interestingly, they also 
unsuccessfully attempted hydrogenation and oxidative conditions for the cleavage before 
discovering reactivity with hydrogen bromide and acetic acid. When Eastwood subjected 
lactam 1.44 (phenyl substrate, n = 2) to the reaction conditions, a new product was 
observed. 1H NMR indicated that the nitrile had been hydrated to the primary amide, but 
the phenyl(ethyl) group was retained. Resubjection to the reaction conditions did not result 
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in further reaction. A 44% yield of the primary amide product was confirmed by high-
resolution mass spectrometry, IR, and 13C NMR. 
 
Scheme 2.13. Phenyl(ethyl) deprotection with hydrogen bromide and acetic acid. 
 
Dr. Jason Brethorst attempted to remove the directing group using 1.2 equivalents 
of boron tribromide in dichloromethane based on a procedure by Brown et al.52 After 
lactam 1.44 (phenyl substrate, n = 2) was allowed to react for 21 hours at rt, little 
consumption of the starting material was observed. The reaction was repeated at 60 °C, but 
was also unsuccessful. 
Although Weaver et al.41 reported that hydrogenation with palladium on carbon 
afforded only partial cleavage of their benzhydryl-protected uracils (see Scheme 2.3), 
hydrogenation with palladium on carbon has been shown to remove N-phenyl(ethyl) 
groups by Pallavicini et al.53 Hydrogenation following the procedure reported by Asakawa 
et al.54 was also attempted by Brethorst. However, no reaction of lactam 1.44 (phenyl 
substrate, n = 2) had occurred after 21 h at rt. 
In conclusion, a chiral directing group was used to stereoselectively synthesize 3,3-
disubstituted lactams via cyanoamidation. We were unable to find reliable conditions for 
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the cleavage of the directing group. However, alternative procedures exist that we did not 
test such as a Birch reduction or basic conditions such as sodium methoxide.55 These were 
not examined due to time constraints. 
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PART TWO 
 
Application of Intramolecular 
Cyanoamidation in Total Synthesis 
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CHAPTER THREE 
Quebrachamine and Related Compounds 
 
 
3.1 The Aspidosperma alkaloid family 
 
Indole alkaloids are a large and important class of molecules with a wide variety of 
structural features. Quebrachamine (2.1) is the structural parent of the Aspidosperma 
family of indole alkaloids, which contains over 250 members including tuboxenine (2.2), 
kopsinine (2.3), and aspidospermidine (2.4) (Figure 3.1a).56 Important structural features 
of the Aspidosperma alkaloids are the geminal diethyl groups at the β–position of the 
piperidine ring forming the quaternary stereocenter (Figure 3.1a, shown in red) and the β-
indolylethyl chain connecting the indole and the piperidine rings. Alkaloids with similar 
structures to quebrachamine include members of the Vinca family such as vincamine (2.8) 
and vincristine (2.5), which is an important chemotherapeuic.57 Innumerable other 
biologically relevant materials such as leucophyllidine (2.6)58 and eburnamonine (2.7)59 
are also related. The structural similarity of quebrachamine to this large array of 
compounds makes it a notable synthetic target as a starting point for the synthesis of other 
molecules. It is considered a benchmark target for the demonstration of new synthetic 
strategies.60   
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Figure 3.1. (a) Some Aspidosperma alkaloids. (b) Alkaloids with a quebrachamine core. 
 
3.1.1 Isolation and biological relevance of quebrachamine 
 
 (–)-Quebrachamine (2.1)  was first isolated by Hesse61 in 1882, and later by Field62 
from the bark of the Aspidosperma quebracho-blanco Schlechtend tree native to northern 
Argentina.63,64 Walls et al. isolated (+)-quebrachamine in 1957 from the Stammadenia-
donell-smithii Woodson tree in the tropical jungles of Mexico.65 The earliest published 
reference to the biological activity of quebrachamine was in The Plant Alkaloids by 
Thomas Henry66 in 1913, where Quebracho bark was said to be used in South America to 
treat fevers.  In 1960, Quebracho bark was reported as a natural remedy used to treat 
snakebites and febrifuge in Argentina.64,67  Quebracho bark powder extracts have also been 
used to treat muscle spasms, as a respiratory stimulant, as an anti–pyretic agent, and as an 
aphrodisiac. In addition, the extracts have been scientifically shown to treat erectile 
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impotence and the symptoms of benign prostatic hyperplasia (prostate enlargement which 
interferes with urination).63  
 Deutsch et al.63 undertook the first major scientific study to determine the active 
compounds within Quebracho bark in 1994.  The isolated compounds were tested using an 
in vitro assay which established the agonist or antagonistic activity of the material on a 
tissue contraction. The active compounds were shown to successfully block electrically– 
or phenylephrine–induced contractions in human prostatic tissue, rabbit corpus 
spongiosum and cavernosum, and guinea pig vas deferens. Physical characterization of the 
active compounds identified them as aspidospermine (2.4) and quebrachamine (2.1).   
 When the structure of quebrachamine was determined by mass spectrometry in 
1961 (see Section 3.1.2),68,69 mass spectrometry was also used to support the hypothesis 
that quebrachamine was the biological precursor to several similar alkaloids based on their 
fragmentation patterns. It has since been widely accepted that both enantiomers of 
quebrachamine are biosynthetic precursors of the aspidospermine skeleton 2.4 via ring 
closure.70 Therefore, easy access to the Aspidosperma alkaloids from a synthesis of 
quebrachamine ought to be possible. 
 
3.1.2 Quebrachamine structure elucidation 
 
Before the structure was confirmed in 1961, Field62 indicated in 1924 that (–)-
quebrachamine is levorotatory with a melting point of 147 °C and determined the molecular 
formula to be C19H26N2.  She also suggested that it contained an indole group based on its 
reaction with Ehrlich's reagent, which was later confirmed from its ultraviolet (UV) 
spectrum in 1957.71  The 1H NMR spectrum was reported in 1960, revealing alkyl 
33 
 
substituents at the 2 and 3 positions along with an unsubstituted indole nitrogen.  The full 
structure of quebrachamine (2.1) was confirmed by Biemann and Spiteller.68 They used 
mass spectrometry to determine a likely structure and then synthesized 
methoxyquebrachamine from desacetylaspidospermine and compared the mass spectrum 
to that of natural quebrachamine. The similarity in the mass spectra supported their 
proposed structure.  They additionally confirmed from optical rotation data that (+)-
quebrachamine naturally occurs in the Mexican Stammadenia donell-smithii Woodson tree 
while (–)-quebrachamine is found in the Argentinean Aspidosperma quebracho-blanco 
Schlechtend tree. Quebrachamine was first synthesized in 1963 by Stork and Dolfini,72 and 
the crystal structure was obtained in 1976 by Puglisi et al.73 
 
3.2 Total syntheses of quebrachamine 
 
 As a common synthetic target, quebrachamine has been synthesized by many 
different routes since 1963. Many of these synthetic strategies build upon each other, while 
others stand out for their originality. New methodologies and unexpected disconnections 
are revealed and shown in action. Any study of this molecule must consider its rich history. 
 The first synthesis by Stork and Dolfini72 had a significant influence on the field. 
In particular, the endgame remains among the best and most–used sequences to the natural 
product and will be presented in the first section. The quaternary center and 9–membered 
ring are the most synthetically challenging features and will be discussed individually 
along with other general strategies. 
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3.2.1 The Stork ketone 
 
The original 1963 Stork and Dolfini72 total synthesis of quebrachamine is now 
considered a classic. The tricyclic ketone 2.9 (sometimes referred to as “the Stork ketone”), 
which they synthesized from butyraldehyde, has become a popular intermediate for 
alkaloid synthesis. A late–stage Fischer indole synthesis followed by reductive cleavage 
with potassium borohydride provided the natural product (Scheme 3.1). 
 
 
Scheme 3.1. Conversion of the Stork ketone to quebrachamine. 
 
Several other syntheses have used the Stork ketone (2.9) as an intermediate to build 
upon this work. The first alternate synthesis of ketone 2.9 was quickly reported by Ban et 
al.74 in 1965 with a five step synthesis from 2-pentanone. In 1966, Kuehne and Bayha75 
described the synthesis of the Stork ketone (2.9) from ethyl pyrrolidine-3-carboxylate and 
applied it toward their total synthesis of quebrachamine. Other syntheses of the Stork 
ketone (2.9) have been reported in the context of the synthesis of Aspidosperma alkaloids, 
such as aspidospermidine (2.4),76–83 aspidospermine,74,75,79,80,83–85 and quebrachamine 
(2.1),75,79,80,83 as well as a target in its own right for stereochemical analysis.86  
Work has also been done to modernize the Stork approach. Coldham et al.80 
provided an accelerated synthesis of tricyclic intermediate 2.20 by forming all 3 rings and 
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3 stereocenters in one highly efficient cyclization / [4+2] cycloaddition cascade of 
intermediate 2.19 (see section 3.2.2, Scheme 3.3). Additionally, Aubé et al.77 used the Stork 
ketone in their enantioselective total synthesis of (+)-aspidospermine. An intramolecular 
Schmidt reaction of azide 2.10 provided enantiomerically pure 2.11, a variant of the Stork 
ketone (Scheme 3.2), which after reduction underwent a Fisher indolization mirroring the 
Stork and Dolfini sequence. However, this approach was not applied to quebrachamine, 
and an enantioselective synthesis of quebrachamine from the Stork ketone has not been 
reported. 
 
Scheme 3.2. Synthesis of the Stork ketone via an intramolecular Schmidt reaction. 
 
3.2.2 Other general approaches 
 
 Cycloadditions have been featured in several quebrachamine syntheses. Rawal et 
al.87 and Coldham et al.80 each reported a total synthesis of quebrachamine with a [4+2] 
cycloaddition key step. In the report by Rawal et al., their enantioselective synthesis 
featured a Diels Alder reaction to form the stereocenter–containing pivotal intermediate 
2.14 from diene 2.12 and dienophile 2.13 with chiral chromium catalyst 2.15 (Scheme 3.3). 
The use of [3+2] cycloadditions is also known.79,88 Pagenkopf and Bajtos88 reported a 
central [3+2] dipolar cycloaddition between nitrile 2.16 and cyclopropane 2.17 to form the 
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substituted pyrrole intermediate 2.18 with excellent regioselectivity. This approach is 
characterized by incorporation of complex structural features in a single step.  
  
Scheme 3.3. Cycloaddition key steps in quebrachamine syntheses. 
 
 Wenkert et al.89 developed a route to the Aspidosperma alkaloids via γ-diketo 
compounds derived from oxycyclopropanes (not shown). Andersson et al.90 made use of 
this strategy to demonstrate the utility of their intermolecular copper (I)–catalyzed 
cyclopropanation of cyclic enol ethers in a total synthesis of (+)-quebrachamine. Enol ether 
2.21 was converted to cyclopropane 2.22, an intermediate in the synthesis reported by 
Wenkert et al. (Scheme 3.4). The efficient synthesis also allowed them to determine the 
absolute configuration of the quaternary center in their cyclopropanation product 2.22. 
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Scheme 3.4. Asymmetric cyclopropanation intercepts Wenkert et al.’s intermediate. 
 
 Several strategies60,91–93 make use of a Pictet–Spengler or Bischler–Napieralski 
condensation of tryptamine. Kutney et al.92 were the first to use this method with the 
conversion of aldehyde 2.23 to lactam 2.24 (Scheme 3.5), an alternative to their previous 
version featuring a succinate.94 Typically, the condensation takes place early in the 
sequence. The resulting 6–membered ring can then be opened by reductive cleavage (see 
section 3.2.4). 
 
Scheme 3.5. Pictet–Spengler condensation of tryptamine.  
 
In 2008, Hoveyda et al. reported an enantioselective synthesis of quebrachamine, 
with olefin metathesis as the key, stereocenter–forming step.91 Ultimately, the 
enantioselective synthesis involved twelve steps from α-acetylbutyrolactone, which is 
commercially available. They used catalytic ring opening/cross metathesis of lactone 2.25 
to access their first key intermediate, divinyl aldehyde 2.26 (Scheme 3.6).  Formation of 
the 9–membered ring was achieved by coupling aldehyde 2.26 to tryptamine. Catalytic 
Figure 1 
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enantioselective ring–closing metathesis (RCM) between an allyl group and a vinyl group 
of intermediate 2.27 gave alkene 2.28 with an excellent e.r. However, later attempts by 
Prasad et al.60 to draw upon this strategy, employing a Hoveyda–Grubbs second generation 
catalyst for the RCM of their 6–membered ring, resulted in only moderate yields (not 
shown).     
 
 
Scheme 3.6. Key intermediates in the Hoveyda route. 
 
3.2.3 Strategies to form the quaternary center 
 
 The construction of all–carbon quaternary centers in a stereoselective fashion 
remains a challenge in target–driven synthesis. This section will outline various ways the 
problem has been approached in the context of the total synthesis of quebrachamine. As 
described in the previous section, Rawal et al.87 made use of a chiral Lewis acid to catalyze 
their Diels–Alder reaction of an aminosiloxydiene (Scheme 3.2). The reaction formed a 6–
Figure 3 
Figure 2 
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membered ring containing the desired stereocenter in high e.r. and 2.14 could be prepared 
on a multigram scale. 
 There are several enantiospecific syntheses of quebrachamine which use a starting 
material with a stereocenter that can be carried through the synthesis.  For example, L-
glutamic acid and D-mannitol have been used as starting materials for the synthesis of both 
(+)- and (–)-quebrachamine, respectively.95,96 In their 2013 (–)-quebrachamine synthesis, 
Prasad et al.60 use a Johnson–Claisen rearrangement of alcohol 2.29 to install the 
quaternary center, forming their key intermediate 2.30 (Scheme 3.7). The stereocenter is 
obtained from the starting material in the synthesis, (S)-ethyl lactate. One shortcoming of 
this strategy is the cost of the starting material. D-(–)-lactic acid is $2.20 per mg from 
Sigma Aldrich, while D-mannitol is $1.29 per mg. 
 
Scheme 3.7 Johnson–Claisen rearrangement installed the quaternary center. 
 
Lactam intermediates have been central to some asymmetric syntheses of 
quebrachamine. Amat et al.97 reported an asymmetric synthesis of (–)-quebrachamine via 
enantioselective enolate dialkylation of lactams via a chiral auxiliary. In 2011, Stoltz and 
colleagues98 intercept the same key intermediate 2.32 in their report of the enantioselective 
formation of all–carbon quaternary centers by decarboxylative allylation of lactams with a 
palladium catalyst (Scheme 3.8). They use their chemistry in a formal total synthesis of 
Figure 4 
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quebrachamine via lactam intermediate 2.31 in order to demonstrate the value of their 
methodology. Again, quebrachamine serves as an example of a natural product target used 
to highlight new methodological development.   
Scheme 3.8. Formation of the stereocenter by decarboxylative allylation. 
  
Ogasawara et al.95 report a diastereoselective construction of the quaternary 
stereocenter with an Eschenmoser–Claisen rearrangement. The amide group in 2.34 is 
installed on the convex face of alkene 2.33, placing the vinyl group in the endo position 
(Scheme 3.9). Hydrogenation, reductive cleavage of the bromo–ether linkage, and 
cyclopentadiene extrusion provided the key cyclohexene intermediate 2.35. The total 
synthesis was used to determine the absolute configuration of the quaternary center in the 
product of the newly developed reaction. Andersson et al. would later turn their synthesis 
to this purpose also (see Section 3.2.2). 
 
 
 
 
 
 
Figure 5 
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Scheme 3.9. Diastereoselective Eschenmoser–Claisen rearrangement forms the 
stereocenter. 
 
 
3.2.4 Formation of the nine–membered ring 
 
 Many routes feature a reductive ring–opening of a 5–6 system to access the 9–
membered ring.60,72,74,75,79,80,83,87,89–91,93,95,97,99–102 This is presumed to be due to the 
notorious difficulty associated with the formation of medium–sized rings. A few reports 
describe the formation of the 9–membered ring at a late stage. Pagenkopf and Bajtos88 
discuss their strategy of a retrosynthetic disconnection of the molecule on one side or the 
other of the β-indolylethyl chain. A Friedel–Crafts acylation of 2.36 at the 3-position of the 
indole to give ketone 2.37 was explored, but proved unsuccessful (Scheme 3.10). Then, 
lactam intermediate 2.38 was tested for reactivity via a Mitsunobu/N-alkylation approach. 
However, neither the Mitsunobu nor the SN2 conditions were successful. They attempted  
to increase the nucleophilicity of the nitrogen by reduction of the lactam, but the material 
proved unstable. The authors suggest that the nucleophilicity of the indole interfered with 
the desired cyclization, as products like 2.39 were found. Attempts to install a trimethylsilyl 
(TMS) or Boc protecting group failed (indeed, few syntheses involve protection of the 
Figure 6 
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indole nitrogen, perhaps for the same reason). They eventually found success with a photo–
induced ring closure of chloroacetamide 2.40 to give lactam 2.41.  
  
Scheme 3.10. 9–Membered ring formation attempts. 
 
 Hou et al103 attempted to form the 9–membered ring intermediate 2.43 through a 
macrolactamization of indole ester 2.42, but were unsuccessful (Scheme 3.11). Ester 2.42 
was made through a Sonogashira coupling/reduction sequence. The authors found that their 
alkyne intermediate could be partially reduced to the cis olefin with a Raney-nickel–
catalyzed hydrogenation. With the conformationally–restricted cis olefin 2.44, ring closure 
to lactam 2.45 was achieved with O-(benzotriazol-1-yl)-N-N-N’-N’-tetramethyluronium 
hexafluorophosphate (HBTU). 
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Scheme 3.11. Macrolactamization via a conformationally–restricted cis alkene. 
 
Ziegler et al.104 used a polyphosphoric acid (PPA) –catalyzed cyclization of acid 
2.46 to ketone 2.47 in order to form the 9–membered ring in 85% yield (Scheme 3.12). A 
similar, previously reported105 reaction to form an 8–membered ring gave a lower 30% 
yield, while the desethyl variant of lactam acid 2.46 resulted in only polymeric material. 
The authors suggest that this may be due to the conformation of the piperidine ring. With 
no ethyl group, the acetic acid moiety would be equatorial, placing it out of proximity to 
the reacting center. The presence of the ethyl group would allow access to the conformation 
with the acetic acid group axial, bringing it closer to the indole. They even speculate that a 
second lactam may form as reactive intermediate 2.48, allowing for a favorable 6–
membered ring cyclization. 
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Scheme 3.12. PPA–catalyzed closure of the 9–membered ring. 
 
Though the above examples show that direct formation of the 9–membered ring is 
possible, it can be difficult without careful conformational analysis. Therefore, as 
previously mentioned, reductive ring–openings of 5–6 systems are a common method of 
9–membered ring formation. Direct conversion of natural products containing a 5–6 system 
such as aspidospermidine (2.4)72,74,75 and tabersonine87,106–108 into quebrachamine has been 
shown (synthetic sequences to transform quebrachamine into aspidospermidine,109 (+)-
rhazidigenine,108 and (+)-rhazidine108 are also known). Prasad et al.60 and Takano et al.110 
make use of a Hoffman–like degradation of 7–membered ring intermediate 2.49 to access 
the 9–membered ring (Scheme 3.13). 
  
Scheme 3.13. Dissolving metal reduction of the pentacyclic quaternary salt.  
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In conclusion, key strategies toward the synthesis of quebrachamine have been 
presented. These include the Stork ketone intermediate, PPA cyclization of the 9–
membered ring, cycloadditions, olefin metathesis, Fisher indole synthesis, and the Pictet–
Spengler reaction of tryptamine. Though quebrachamine has been synthesized in a number 
of creative ways, novel syntheses of quebrachamine that do not rely on earlier work have 
been scarce in recent years. The volume of work that has been published on the subject 
make fresh approaches all the more challenging and exciting. 
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CHAPTER FOUR 
Progress Toward the Total Synthesis of 
Quebrachamine 
 
 
4.1 Proposed novel strategy for the total synthesis 
 
As discussed in Chapter 3, quebrachamine (2.1) contains an all–carbon quaternary 
center, which remains a synthetically challenging feature. Making its synthesis 
enantioselective is another challenge. Cyanoamidation could overcome both of these 
challenges in a single leap. As described in Chapter 1, transition metal activation of C–CN 
bonds with subsequent functionalization allows for simultaneous formation of two new C–
C sigma bonds, rapidly building molecular complexity with excellent atom economy. 
Crossley and Shenvi,111 in their longitudinal study of alkaloid synthesis, identify several 
best practices: purchase the indole nucleus, minimize functional group interconversions, 
spare existing functional groups though chemoselective key steps, and avoid protecting 
groups. Our proposed synthesis meets all of these metrics. It is protecting group free, builds 
complexity in nearly every step, and requires few purifications. The goal of our synthesis 
is (–)-quebrachamine (2.1), the biologically active enantiomer. The first disconnection 
cleaves the 9–membered ring by way of a Houben–Hoesch cyclization, to give the 3,3-
disubstituted δ-lactam 2.50 (Scheme 4.1). The ring and the stereocenter could be formed 
by an asymmetric cyanoamidation reaction of cyanoformamide 2.51. The cyanoformamide 
would be derived from amine 2.52, which can be accessed either by coupling of tryptamine 
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(2.53) with carboxylic acid 2.54 (proposed route 1), or reductive amination of aldehyde 
2.55 (proposed route 2). This strategy is distinct from all previously reported syntheses, 
and has the potential to be both short and efficient.  The starting materials are simple and 
inexpensive, and provide complex materials after only a few manipulations.   
 
 
Scheme 4.1. Retrosynthesis of (–)-quebrachamine. 
 
4.2 Progress via proposed route 1 
 
 Each of the steps in the synthesis will be discussed in sequence.  Preliminary 
work on the key stereocenter–forming step and some steps preceding it was done in our 
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group prior to my involvement in the project. Work done by other group members will be 
denoted, where applicable.  
 The synthesis starts with the formation of known112 alcohol 2.56 from propargyl 
alcohol (2.57) (see section 4.2.1). Alcohol 2.56 has been used successfully in other 
syntheses.40,113–115 Alcohol 2.56 can then be used to access carboxylic acid 2.54 via a 
Johnson–Claisen rearrangement reported by Yokoshima et al.116 (see section 4.2.2). 
Yokoshima et al. also used the reaction in one of the first steps of a total synthesis project. 
Additionally, many reports of Johnson–Claisen rearrangements exist in the literature for 
similar substrates.117,118 
The preparation of N-(2-(1H-indol-3-yl)ethyl)-4-methylenehexanamide (2.59, see 
Scheme 4.4) had not been previously reported.  However, the coupling of a carboxylic acid 
with an amine is well known, not only for its importance in peptide bond formation but 
also in synthetic work.119,120 One of the most traditional approaches to synthetic peptide 
bond formation is the carbodiimide method.121 Therefore, we anticipated that 2.59 could 
be made from 2.54 with tryptamine as a coupling partner (see section 4.2.3). The 
preparation of amine 2.52 has not been reported, but the reduction of a carbonyl by lithium 
aluminum hydride is well known and should enable access from 2.59 (see section 
4.2.4).122,123 
Carbonyl cyanide, which is generated in situ from oxirane-2,2,3,3-tetranitrile and 
dimethyl sulfide, will react with amine 2.52 to provide cyanoformamide intermediate 2.51 
for the key cyanoamidation step (see section 4.4.3). With the nitrile group in place, 
cyanoformamide 2.51 will undergo the palladium–catalyzed intramolecular 
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cyanoamidation to form the all–carbon quaternary center (see Chapter 1 and section 4.5).  
Ideally, the reaction will also be stereoselective. 
We envision closure of the 9–membered ring via a Houben–Hoesch reaction.  The 
Houben–Hoesch reaction is a condensation of a nitrile group with an aromatic ring, which 
has been used successfully in recent total synthesis applications.124,125 An analogous 
reaction in our system would complete the carbon skeleton of quebrachamine (see section 
4.6.1). Lithium aluminum hydride would reduce the remaining carbonyl groups to give 
quebrachamine. The carbonyl group retained in the cyanoamidation step may interfere with 
the Houben–Hoesch ring closure. If this is the case, then sequential reductions may be 
required (see section 4.6.2).  
 
4.2.1 Hydroalkylation of propargyl alcohol 
 
 Propargyl alcohol (2.57) was used to make 2-methylenebutanol (2.56) through a 
procedure reported by Deboudin et al.112 (Scheme 4.2). On a 2 gram scale, the product was 
purified by flash column chromatography rather than distillation as described in the 
literature. Isolation was difficult due to the volatility of the product; concentration of 
fractions from a column resulted in product loss (50% loss was typical). We found that on 
a larger scale (10 grams), the overall best method of purification was distillation, as 
reported in the paper. We also found that the water–solubility of the product requires 
approximately nine back–extractions during the workup, as determined by thin–layer 
chromatography (TLC). A 72% yield of 2.56 was achieved on a large scale (11.31 grams 
of product), as compared to the 55% yield reported by Deboudin et al. on a smaller scale. 
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Scheme 4.2. Copper(I) iodide–promoted addition of ethyl magnesium bromide into 
propargyl alcohol. 
 
Although the yield was improved, we found that the product was often 
contaminated with leftover starting material. The reaction mixture often became thick as 
the ethyl magnesium bromide was added, with large pockets refusing to homogenize even 
when stirred mechanically or by hand with a large needle. In some cases the mixture even 
turned to a gum–like consistency. Allowing more time for the reaction did not result in 
higher conversions, although very slow addition of the Grignard reagent was sometimes 
effective. When THF was used as a solvent instead of diethyl ether, the reaction mixture 
remained more homogeneous and easy to work with. However, due to the water solubility 
of THF, the workup because significantly more challenging with very large quantities of 
solvent required for the extraction. Moreover, since 2-methylenebutanol and propargyl 
alcohol have similar boiling points, the starting material was not effectively removed 
during purification. 
To fully purify the product, a Glaser coupling strategy was used to convert the 
excess alkyne 2.57 into diyne 2.58 with a boiling point differing significantly from 2-
methylenebutanol (2.56) (Scheme 4.3). The conditions were based on a report of the 
dimerization of phenylacetylene.126 The Glaser reaction could be run on crude material, 
and 1H NMR showed complete conversion of the starting material to the diyne. Distillation 
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allowed for 100% recovery of the pure product (see appendix i.). Though it has not been 
tried, we imagine that the Glaser reaction could possibly be run in a one-pot procedure with 
the Grignard reaction.  
 
Scheme 4.3. Purification of 2-methylenebutanol via Glaser coupling. 
 
4.2.2 Johnson–Claisen rearrangement 
 
 A Johnson–Claisen rearrangement of 2-methylenebutanol (2.56) gives 4-
methylenehexanoic acid (2.54).  We followed a procedure adapted from that reported by 
Yokoshima and colleagues.116  The reaction mixture was heated to reflux in a round–
bottom flask topped by a dropping funnel to collect the ethanol byproduct.  However, we 
were unable to reproduce the 83% yield reported by Yokoshima et al., and results were 
highly inconsistent over four trials, with yields ranging from 6–55% (Table 4.1).  Because 
the first two trials were higher yielding and were done in the winter, and the third and fourth 
trials were lower yielding and done in the summer, it was hypothesized that increased 
humidity could interfere with the reaction. When water was rigorously excluded the yield 
increased to 32%, closer to the winter results (entry 5). 
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Table 4.1. Optimization of Johnson–Claisen rearrangement conditions. 
 
  
     Reflux 
     time (h) 
Reaction 
Vessel 
Dry 
conditions 
% 
Yield 
1      3 Round–bottom No 20 
2      3  Round–bottom No 55 
3      2  Round–bottom No 7 
4      4  Round–bottom No 6 
5      5.5  Round–bottom Yes 32 
6      84  Sealed vessel Yes n/aa 
7      72  Sealed vessel Yes 59 
8      72 Sealed vessel Yes 37b 
9      22.5 Sealed vessel Yes 55 
        
                  a aliquots removed periodically 
      b molecular sieves added directly to the reaction 
 
Some reports of Johnson–Claisen reactions show excellent yield with only 1–2 h 
of reaction time,117 however, a search of the literature revealed that Johnson–Claisen 
rearrangements are also performed in sealed vessels, and sometimes require much longer 
times.118  Yokoshima et al. did not report a reaction time.  The reaction was run in a sealed 
vessel with a Teflon® screw–cap and the reaction progress was monitored by 1H NMR for 
84 h (entry 6).  This experiment suggested that 72 h was ideal, after which byproducts were 
observed (Table 4.2).                              
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Table 4.2. Johnson–Claisen reaction of alcohol 2.56 over time. 
 
     Reflux time (h) % Conversion 
     14 60 
     20 67 
     39 71 
     49 78 
     62 80 
     72  83 
     84  83 
 
When the reaction was run in a sealed vessel for 72 h, a 59% yield of the product 
was observed (Table 4.1, entry 7).  Because drying the glassware seemed to result in an 
improved yield, we thought removal of water from the reaction mixture might also be 
beneficial. 3 Å molecular sieves were added directly to the reaction mixture.  
Unfortunately, this resulted in a lower yield of 37% (Table 4.1, entry 8).  An additional 
issue was identified in trials 7–8: the hydrolysis to convert the ester to the acid became less 
efficient, and significant amounts of the ester were isolated. This was attributed to 
inefficient stirring in the sealed vessel.  To address this problem, the reaction mixture was 
transferred from the sealed vessel to a round–bottom flask prior to the hydrolysis (Table 
4.1, trial 9).  In this case, no unreacted ester was observed. Due to the low yields and poor 
reproducibility of this reaction, a different route was proposed (see section 4.3). 
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4.2.3 Carbodiimide coupling 
 
 Tryptamine coupling was attempted using a method previously explored in our 
group,127 using N,N-dicyclohexylcarbodiimide (DCC) and 4-dimethylaminopyridine 
(DMAP).128,129 The first attempt gave only a 17% yield. Increasing the equivalencies of 
tryptamine and DMAP yielded the same result.  For the third trial, the work–up procedure 
was modified by subjecting the crude reaction mixture immediately to column 
chromatography, eliminating an HCl wash and extraction with diethyl ether.  For this trial, 
the yield after chromatography significantly improved to 57%, which was reproducible 
over 2 trials. The material was further purified by removal of the byproduct, which 
recrystallized in ethyl acetate.  A slightly lower yield of 40% resulted, but the purity was 
greatly enhanced.  
Mukaiyama’s salt (2-chloro-1-methylpyridinium iodide)130 was tested as a coupling 
agent, but no reaction occurred. When 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
(EDC)121 was used, the yield of the purified product improved still further (see appendix 
ii.) (Scheme 4.4). Because EDC was used as a hydrochloride, triethylamine was added. 
The reaction gave 61% yield at 1 equivalent of triethylamine and 52% yield at 1.5 
equivalents of triethylamine, suggesting that a 0.5 equivalent of added acid is beneficial to 
the reaction. Although other conditions could have been tested, at this point we decided to 
move on to our second proposed route (see section 4.3) due to the difficulties encountered 
with the Johnson–Claisen reaction (see section 4.2.2). For example, N,N-
diisopropylcarbodiimide (DIPC)128,131 may also be an effective reagent for this 
transformation. 
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Scheme 4.4. Carbodiimide coupling of tryptamine and 4-methylenehexanoic acid. 
 
4.2.4 Amide reduction 
 
 The synthesis of indole amine 2.52 was first explored by Dr. Ashley Dreis.132  
However, in an attempt to reproduce the result, no product was observed, and about 50% 
of the starting material was recovered. A second attempt to follow the procedure looked 
promising, but column chromatography caused decomposition.  At this point, we switched 
to a procedure reported by Dr. Giang Hoang, a previous group member.127  The only 
difference in the procedures was an increase in the equivalents of lithium aluminum 
hydride used from 3 to 12.  The reaction mixture also appeared to stir more efficiently; the 
lithium aluminum hydride was more finely dispersed than it was during the first two trials.  
Product was obtained in a 74% yield and appeared very clean after work–up (see appendix 
iii.) (Scheme 4.5).   
 
 
Scheme 4.5. Reduction with lithium aluminum hydride. 
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4.3 Progress via proposed route 2 
 
 Due to the mediocre yields of the Johnson–Claisen reaction, even after 
optimization, an alternate route was proposed. Tryptamine (2.53) could couple to 4-
methylenehexanal (2.55) in a reductive amination to give amine 2.52, eliminating the need 
for a separate reduction step. The synthesis of 4-methylenehexanal from 2-
methylenebutanol (2.56) could be adapted from a report by Morita et al.133 of the synthesis 
of γ,δ-unsaturated carbonyl compounds 2.64 from allyl alcohols 2.60 (Scheme 4.6). The 
catalyst [IrCl(cod)]2 (2.62) was used to vinylate allyl alcohols with vinyl or isopropenyl 
acetates (2.61). The resulting allyl vinyl ethers (2.63) underwent Claisen rearrangements 
to give γ,δ-unsaturated carbonyl compounds.  
 
Scheme 4.6. Tandem iridium–catalyzed vinyl ether exchange/Claisen rearrangement. 
 
An analogous reaction was reported via a palladium (II) catalyst by Wei et al.134 in 
2007. Their experimental section describes the reaction on a mole scale, so we expected 
the procedure to be robust. These tandem procedures could be an efficient manner of 
constructing a coupling partner for tryptamine, and we hypothesized that reductive 
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amination might also be achieved in the one–pot procedure.  Another advantage of this 
route would be an overall reduction in step count from route 1.  
 
4.3.1 Iridium–catalyzed reaction 
 
 Synthesis of catalyst 2.62 was achieved using a procedure reported by Crabtree et 
al.135 and Herde et al.136 For the synthesis of 4-methylenehexanal, we attempted a variant 
of the reaction reported by Morita et al.133 using 2-methylenebutanol (2.56) and vinyl 
acetate (2.65) in mesitylene with cesium carbonate (Scheme 4.7). Attempts were made to 
monitor the reaction with 1H NMR spectroscopy, but large mesitylene peaks obscured the 
majority of each spectrum, even after the mixture was concentrated and filtered. 
Unfortunately, Morita et al. do not report an isolation procedure for their products.  
Assuming product formation, tryptamine, molecular sieves, acetic acid, and sodium 
cyanoborohydride were added to facilitate reductive amination to yield amine 2.52, but the 
1H NMR and GCMS spectra were still overwhelmed with mesitylene.  The mixture was 
loaded onto a plug of silica gel and rinsed with hexanes to remove mesitylene, then eluted 
with ethyl acetate and concentrated.  Analysis remained inconclusive. 
 
Scheme 4.7. Attempted one–pot vinylation/Claisen rearrangement/reductive amination. 
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 In a second, more rigorous experiment, deuterated toluene was used instead of 
mesitylene to aid NMR analysis. Vinyl acetate, alcohol, and toluene were degassed before 
use, and the reaction was set up in a glovebox. An NMR tube was used as the reaction 
vessel, and the reaction was again monitored by 1H NMR. Results were again inconclusive: 
after 15 h of reaction time vinyl acetate dominates the spectrum with peaks at 7.5, 5.0, 4.5, 
and 2.0 ppm. While no starting material peaks are present, potential product peaks are small 
or overlapping with vinyl acetate (Figure 4.1).  
 
Figure 4.1. Reaction mixture after procedure by Morita et al. 
 
4.3.2 Palladium–catalyzed reaction 
 
 Synthesis of palladium catalyst 2.67 was accomplished using the procedure given 
by Wei et al.,134 which consisted of dissolving palladium (II) acetate and 1,10-
phenanthroline separately in DME, filtering the palladium solution, combining the two 
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solutions, and isolating the product by vacuum filtration. However, this procedure gave 
only a 32–65% yield, rather than the quantitative yield reported by Wei et al.134 Many other 
procedures for synthesis of this catalyst were found in the literature. Next, an attempt was 
made to replicate a report by Milani et al.,137 which called for an acetone solvent in place 
of DME and gives 30 minutes for the dissolution to take place. More of the palladium (II) 
acetate appeared to dissolve with this method, which is advantageous because the solution 
is filtered. After filtering and adding a drop of acetic acid, 1,10-phenanthroline was added 
to this solution. The mixture was allowed to stir for an additional 30 minutes before 
filtration. The product was recrystallized from methanol and dichloromethane resulting in 
a 45% yield. At this point, we noticed that the aromatic region of the 1H NMR spectra of 
these products all showed different splitting patterns (Figure 4.2). The spectrum obtained 
for the first recrystallized crop of the product obtained using the method reported by Milani 
et al. matched that published for the catalyst by Qian et al.138 The experimental section in 
Milani's paper mentions that the purpose of acetic acid addition is the prevention of the 
formation of dimers. Therefore, a possible structure for one the other batches is the 
phenanthroline–bridged dimer. Among all of the synthesized batches, no difference in 
reactivity was observed. 
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Figure 4.2. 1H NMR spectra of the different batches of palladium catalyst. 
 
 With the catalyst in hand, the reaction with triethylene glycol divinyl ether 
(TEGDVE) (2.68) could be attempted. The first time the etherification was tried, no 
reaction occurred. The solution turned brown after stirring at 70 °C for 5 h, so we 
hypothesized that the catalyst had decomposed prior to reaction. The procedure reported 
by Wei et al.134 specifically states that the reaction should be open to air and not under an 
inert gas. We conjectured that water might still be problematic, despite the necessity for 
air. β-Methallyl alcohol (2.66, Scheme 4.8), a commercially available compound, was used 
as a model in the following experiments.  All glassware was flame–dried before use, 
reagents were dried over 3 Å molecular sieves, and a drying tube containing calcium sulfate 
was placed on top of the reflux condenser. The catalyst did not turn brown until the heat 
was raised to 145 °C, and we isolated 4-methylenepentanal (2.69) in a 35% yield.  Wei et 
al.134 report 5–10% of an inseparable unknown impurity after two distillations for this 
reaction, and we noted the same, along with leftover starting material. Molecular sieves (3 
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Å) were added directly to the reaction mixture in an attempt to further dry the reaction, but 
the Claisen rearrangement did not occur. 
  
Scheme 4.8. Tandem palladium–catalyzed vinyl ether exchange/Claisen rearrangement. 
 
The conditions reported by Wei et al. were optimized for a large preparatory scale, 
so we decided to re-optimize the catalyst loading to improve the vinyl transfer step. The 
amount of catalyst was increased from 0.005 equivalents to 0.02 equivalents and by 
following the reaction by 1H NMR, we were able to see that the reaction was much faster 
with the increased catalyst loading (Figure 4.3, black diamonds and blue triangles). We 
next tried the reaction with a 5 mol % catalyst loading (grey squares). Although the reaction 
initially appeared slightly faster, the conversion was the same after approximately 11 h. 
The reaction plateaued at roughly 75% conversion, so at 28 h we decided to add another 
charge of TEGDVE. Once the additional vinyl ether was added, the conversion increased 
slightly, then plateaued again. A third charge at 47 h caused another small jump in 
conversion. Based on these results, we decided to increase the equivalencies of both the 
catalyst and the vinyl ether. High conversions were observed in the least amount of time 
(red circles). 
62 
 
 
 
         *2nd and 3rd charges of TEGDVE added at 28 and 47 h 
 
Figure 4.3. Conversion to the vinyl ether over time at various catalyst loadings. 
 
Wei et al. found that the trifluoroacetate version of their catalyst was also able to 
promote the reaction with addition of Hunig’s base. Quantitative 1H NMR was used to 
compare the yields of the vinyl transfer reaction with each catalyst over time. The catalyst 
loading chosen was 0.05 equivalents. With the palladium acetate catalyst 2.67 (Table 4.3a), 
the yield appeared to stall within 6 h even though the conversion continued to increase. 
* 
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The trifluoroacetate catalyst was found to be superior, with higher conversions and yields 
of the vinyl ether product 2.70 at every time point (Table 4.3b). The mass balance was also 
considerably better after 6 h. However, both the mass balance and the yield had decreased 
by 22 h, indicating that there was some product loss over time. 
 
Table 4.3. Model study of the vinyl transfer reaction. 
 
 (a) Pd acetate phenanthroline acetate cat.        (b) Pd trifluoroacetate phenanthroline cat. 
Time 
(h)  
% 
Conversion 
% Yield 
by qNMR 
% Mass 
balance 
Time 
(h) 
% 
Conversion 
% Yield 
by qNMR 
% Mass 
balance 
1 12 9 74 1 50 50 100 
2 31  20 70 2 74 74 100 
3 48  33 69 3 86 83 97 
4 67  53 80 4 89 86 96 
5 –  – – 5 91 86 94 
6 76  55 72 6 92 86 94 
    22 – 66 80 
  
However, the Claisen rearrangement was unsuccessful, which we theorized may be 
due to the higher amounts of catalyst present. Therefore, we decided to isolate the ether 
intermediate by distillation under vacuum prior to the Claisen rearrangement (distillation 
at atmospheric pressure caused decomposition). Acetaldehyde and methacrylaldehyde 
were observed as byproducts in some fractions. It is unclear whether these were present in 
the crude mixture or formed upon heating under vacuum. When the neat vinyl ether 2.70 
was heated to 145 °C, very little aldehyde product was observed. The temperature was 
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raised to 165 °C, which caused decomposition of the mixture. A procedure by Baker and 
Brimble139 was attempted in which the ether was heated at 120 °C in an evacuated sealed 
tube for 24 h. Baker and Brimble report an 85% conversion after this procedure, but we 
observed only 54%. 
At this point, we began to study the reaction with 2-methylenebutanol (2.56). The 
optimized catalyst and TEGDVE equivalencies were used, and the reaction mixture was 
preheated prior to the addition of the catalyst. Although the alcohol was speedily 
consumed, the yield by quantitative NMR was only 72% after 6 h (Table 4.4). Oddly, the 
mass balance increased (albiet very slightly) over the course of the vinyl transfer reaction. 
After heating to 145 °C conversion to the aldehyde reached 48% after 3 h, but was observed 
to plateau at 54% after 6.5 h. The yield of the aldehyde dropped from 33% after 6.5 h to 
29% after 8 h. Additionally, two sequential distillations were insufficient to purify the 
product and it remained contaminated with intermediate 2.71 and other unidentified 
byproducts.  
 
Table 4.4. Study of the vinyl transfer reaction with 2-methylenebutanol. 
 
Time (h)  % Conversion % Yield 
by qNMR 
% Mass balance 
1 40 28 69 
2 74  52 70 
5 98  71 72 
6 99  72 73 
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The reaction of 2-methylenebutanol was reattempted, this time without preheating 
the catalyst and returning to the equivalencies reported by Wei et al. (0.005 equivalents of 
the trifluoroacetate palladium catalyst and 1.5 equivalents of TEGDVE). Under these 
conditions, 94% conversion to ether 2.71 with 94% yield (100% mass balance) was 
observed after 6 h (38% isolated yield after 6 h with the Pd acetate phenanthroline catalyst, 
see appendix iv). Additionally, 48% conversion to the aldehyde was observed after 7.5 h 
at 145 °C. A mixture of the aldehyde product and ether intermediate was isolated by two 
sequential distillations. This was reheated at 145 °C in a sealed reaction vessel. 1H NMR 
showed 100% conversion to the aldehyde after 18 h. However, byproducts had formed 
which were unable to be removed by distillation. Also, an attempt to reproduce this result 
failed utterly, with 0% conversion to the ether intermediate after 6 h. 1H NMR indicated 
that the catalyst had not deteriorated prior to the reaction. Although the alcohol used had 
come from a new batch, 1H NMR confirmed that it did not contain water. The only 
procedural difference was that the drying agent used to remove water from the reagents 
prior to the reaction was changed from sodium sulfate to 3 Å molecular sieves. It is 
hypothesized that at the low catalyst loading of 0.005 equivalents (58.5 mg at this scale), 
very small amounts of water could cause catalyst deactivation.   
The reaction was repeated with a catalyst loading of 0.01 equivalents. In this case, 
80% conversion to the ether was observed after 8 h, and 84% conversion to the aldehyde 
after 8 h at 145 °C was found. However, a yield of only 13% was measured after 
purification by a double distillation. Because the reaction gave low yields three times in a 
row for three different reasons (low conversion to the aldehyde, no conversion to the ether 
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intermediate, and loss during purification), we decided to move on with a different 
synthesis of 4-methylenehexanal (see section 4.4). A mercury catalyst was considered,140 
but its toxicity made it an undesirable choice. Unfortunately, due to the reproducibility 
issues plaguing this route, a one–pot vinyl transfer/Claisen rearrangement/reductive 
amination sequence was never attempted under the optimized conditions.   
 
4.4 Progress via proposed route 3 
 
 Although the palladium–catalyzed vinylation and the Claisen rearrangement were 
each shown to proceed in good yield in various trials, the optimized procedures were not 
reproducible. Therefore, we decided to explore a different etherification strategy. Büchi et 
al.141 report the synthesis of aldehyde 2.69 via carboxylic acid intermediate 2.73 (Scheme 
4.9). Betaine reagent 2.72 provides the ether intermediate from alcohol 2.66. 
Decarboxylation and Claisen rearrangement occur during the distillation purification. This 
approach still involves the transformation of an alcohol to a homologated aldehyde but may 
be more adaptable to our target than the previous reactions. 
 
 
Scheme 4.9. Synthesis of aldehyde 2.69 via betaine reagent 2.72.  
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4.4.1 Betaine allylation and Claisen rearrangment/decarboxylation 
 
Again, β-methallyl alcohol was used as a model to test the reaction. The first step 
gave 43–52% yield over two trials with leftover starting material observed. Distillation to 
provide the rearranged product, aldehyde 2.69, also proved problematic due to the 
remaining alcohol. Based on difficulties with other, unrelated reactions calling for sodium 
hydride, we grew concerned about the quality of our source. Switching to sodium metal 
and increasing the reaction time of the first step to 4.5 h resulted in an improved 73% yield 
(88% conversion).  
The reaction was next attempted on the 2-methylenebutanol substrate. A 30% yield 
of the ether was obtained using sodium metal with 4.5 h reaction time. When the 
temperature was increased from rt to 45 °C, the yield went up to 83% (see appendix v). 
Distillation provided the aldehyde in 80% yield (consistent over 2 trials, see appendix vi). 
 
4.4.2 Reductive amination 
 
With a reliable route to the aldehyde established, reductive amination with 
tryptamine was explored. The first attempt was based on a procedure reported by Qu et 
al.142 (Scheme 4.10). Methanol was dried over 3 Å molecular sieves at 20% m/v for 72 h 
before use, and aldehyde 2.69 was added slowly to a mixture of the other reaction 
components. Aldehyde consumption was observed by TLC, but only tryptamine was 
recovered (Table 4.5, entry 1).  
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Scheme 4.10. Reductive amination of 3-methylbutanal with tryptamine and sodium 
cyanoborohydride. 
 
Trial 2 was designed to allow for reaction progress tracking by 1H NMR.  
Deuterated methanol was used as a solvent and the reaction was run in an NMR tube. 
Powdered molecular sieves were added to the reaction mixture.  Analysis by NMR was 
difficult, and no reaction occurred.  Remaining tryptamine was observed. 
Trial 3 was similar to trial 2, but with the addition of acetic acid.  Again, no desired 
product was observed.  The aldehyde was consumed but in this case, no tryptamine was 
recovered. Trial 4 was again similar to trial 2, but with deuterated benzene as a solvent and 
activated 3 Å molecular sieves.  Aldehyde consumption was noted by TLC.  Formation of 
unknown products or intermediates was observed by TLC and 1H NMR.  After workup, 
only tryptamine and unknown byproducts remained. 
At this point, we attempted to reproduce the exact reaction reported by Qu et al. 
The desired product was obtained in crude form, but lost in an attempt at purification. When 
we repeated the experiment, two products were observed: the desired product and the 
double alkylation product. 
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Table 4.5. Reductive amination attempts with model compound 2.69. 
 
 
 
 Solvent Additive Reducing 
agent 
Time 
(h) 
Temp. Mol. 
sieves 
% 
Yield 
1 MeOH acetic acid NaBH3CN 1 0 °C to rt no 0 
2 MeOH-d4 – NaBH3CN 20.5 rt yes 0 
3 MeOH-d4 acetic acid NaBH3CN 24.5 rt yes 0 
4 benzene – NaBH3CN 23 rt yes 0 
5 acetonitrile acetic acid NaBH3CN 17 rt no 0 
6 MeOH – NaBH4 46 rt yes 25 
 
 
We then attempted to follow a different procedure reported by McGonagle et al.143 
to make product 2.75. In this case, tryptamine (2.43) and 3-methylbutanal (2.74) were 
combined with sodium triacetoxyborohydride in ethanol (Scheme 4.11). In our case, 
aldehyde 2.74 was consumed, but no desired product was observed in the resulting complex 
mixture. 
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Scheme 4.11. Reductive amination of 3-methylbutanal with tryptamine and sodium 
triacetoxyborohydride. 
 
At this point, we discontinued attempts to reproduce literature reactions with 3-
methylbutanal and returned to model aldehyde 2.69. Trial 5 (Table 4.5) was based on a 
procedure from van Tamelen et al.144 In this case, the aldehyde and tryptamine were added 
first, then the reducing agent, then acetic acid. A complex mixture was obtained.  No 
identifiable products were gained after a flash column. 
Trial 6 was based on a procedure from Ascic et al.145 in which they made N-benzyl 
tryptamine (2.77) (Scheme 4.12). The methanol solvent was dried over 3 Å molecular 
sieves overnight and freshly activated sieves were added to the reaction mixture. In this 
case, the reducing agent was not added until after the reaction of tryptamine and the 
aldehyde (24 h), then was run for an additional 24 h. The desired indole amine product 2.76 
was obtained in 25% yield (see appendix xii). The distinguishing features of this procedure 
include a stronger reducing agent (sodium borohydride) and longer reaction times. In a 
report published after this work was done, Kerr et al.146 also found that sodium borohydride 
was more efficient than sodium cyanoborohydride in a reductive amination using 
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tryptamine. They also found that the addition of Lewis or protic acids was detrimental to 
the reaction. 
 
Scheme 4.12 Reductive amination of benzaldehyde with tryptamine. 
 
 Next, the reaction was optimized for aldehyde 2.54. This work was completed 
under my supervision by my undergraduate mentee, Preston Bradley.147 First, the 
temperature of the imine formation step was raised to 40 °C, which boosted the yield (Table 
4.6). Then, the amount of solvent was examined. Though we initially thought that 
increasing the concentration of the reaction would be beneficial, it turned out to have the 
opposite effect. Next, the necessity of the molecular sieves was tested. They were typically 
pulverized over the course of the reaction and their effectiveness was called into question. 
It was found that they do not have a positive effect on the reaction.   
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Table 4.6 Optimization of the reductive amination conditions. 
 
Temp. for 
step 1 
Concentration 
(M) 
Mol. 
sieves 
% Yield 
by qNMR 
Solvent 
rt 0.25 Yes 66 Methanol 
40 °C 1 Yes 77 Methanol 
40 °C 0.5 Yes 80 Methanol 
40 °C 0.25 Yes 83 Methanol 
40 °C 0.25 No 89 Methanol 
40 °C 0.5 No 85 Ethanol 
40 °C 0.25 No 85 Ethanol 
 
Since the molecular sieves were found to have a negative effect on the reaction, 
other steps to remove water were taken. Ethanol solvent was compared to methanol when 
each were dried over molecular sieves. Williams et al.148 found that the residual water 
content in methanol is higher than it is in ethanol after drying for 120 h over activated 
molecular sieves, presumably due to the bigger size difference between water and ethanol. 
We observed that the two solvents performed comparably well, as an 85% yield was 
obtained with dry ethanol solvent at 0.5 and 0.25 M concentrations.   
With the conditions optimized by quantitative 1H NMR, we turned our attention to 
purification of the product. A flash column purification was run but proved difficult as the 
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product streaked on the column. Two sequential flash columns were required to obtain the 
pure product and much of the material was lost due to streaking. One impurity was 
suspected to be a THF complex, so attempts were made to remove THF as an azeotrope. 
The mixture was dissolved in various solvents (ethyl acetate, methanol, and acetone) and 
concentrated, but did not result in increased purity. Recrystallization was attempted but 
only a waxy oil was obtained, likely due to the long substituent on the indole having large 
degrees of freedom. We added hydrochloric acid to aid crystallization as the HCl salt, but 
decomposition was observed. Luckily, the crude product was found to be acceptable for 
the next reaction. 
 
4.4.3 Cyanoformamide synthesis 
 
 A procedure for this reaction was first explored by another group member, Dr. 
Ashley Dreis,132 based on analogous chemistry reported by Kobayashi et al.2 Carbonyl 
cyanide is formed in situ from tetracyanoethylene oxide and dimethyl sulfide. Dreis found 
that removing the ylide byproduct from the carbonyl cyanide via filtration before addition 
to the amine was beneficial to the reaction. Following the procedure that she developed 
often worked well, with yields reaching 80% (see appendix vii and appendix viii) (Scheme 
4.13). However, occasional loss of material (up to 50%) during the purification by flash 
column chromatography was noted. Sometimes, several columns were run on the same 
sample. In each case, the top of the silica gel was turned dark brown by something which 
would not elute, even using a very polar eluent such as 100% ethyl acetate. The dark brown 
substance was not visible by any characterization methods. It was particularly surprising 
that this substance would form even when the material being purified had already been run 
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through a flash column. It was hypothesized that the product was oligomerizing upon 
exposure to silica gel, which would account for both the loss in yield and unidentified 
substance. Other possibilities include hydrolysis of the cyanoformamide or decomposition 
of the indole. However, when a sample of the product was stirred with silica gel in ethyl 
acetate, no loss was observed.  
 
Scheme 4.13. Synthesis of the indole cyanoformamide. 
 
We know that this reaction has the potential to be high-yielding; the difficulty lies 
in the purification. Therefore, future work will focus on using carbonyl cyanide directly, 
rather than forming it in situ. This will eliminate the presence of excess dimethyl sulfide 
and ylide byproduct, and may result in a cleaner reaction. A safe procedure for the synthesis 
and usage of carbonyl cyanide has been reported by Martin.149  
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4.5 Optimization of the cyanoamidation key step 
 
 All of the routes previously discussed were directed toward the efficient synthesis 
of cyanoformamide 2.51 in order to take advantage of cyanoamidation for construction of 
the lactam ring and the all–carbon quaternary center. Although Takemoto et al. reported 
the synthesis of 6-membered lactams via cyanoamidation, there are few reports of an 
enantioselective cyanoamidation to form lactam rings without an aromatic backbone. One 
example was discovered by Ashley Dries,39 as described in her thesis. Cyanoformamide 
2.78 bearing an aliphatic backbone was converted to lactam 2.79 with phosphoramidite 
ligand 2.80 imparting modest enantioselectivity (Scheme 4.14). We expected that 
additional work may be required to find a catalyst system that is both active and highly 
stereoselective in the quebrachamine synthesis.  
 
Scheme 4.14. Palladium–catalyzed enantioselective cyanoamidation.   
 
4.5.1 Proof of concept and early studies 
 
Preliminary work in the Douglas group by Dr. Giang Hoang indicated that the 
reaction of cyanoformamide 2.51 to give racemic lactam 2.50 occurred with Pd(PPh3)4 
catalyst (Scheme 4.15).127 No additional reagents were present aside from the catalyst. The 
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result was replicated when cyanoformamide 2.51 was heated in toluene with Pd(PPh3)4 
giving a 44% yield after 24 h. This experiment showed that a palladium catalyst is sufficient 
for product formation; other additives may enhance the reactivity but are not required. The 
addition of triphenylborane increased the yield to 71% (a 69% yield was observed by Dr. 
Hoang). At this point, we decided to optimize the reaction using the one-factor-at-a-time 
(OFAT) method, a systematic technique in which experiments are compared after only one 
variable is changed (Table 4.7).  
 
Scheme 4.15. First synthesis of lactam 2.50. 
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Table 4.7. Initial reaction optimization. 
 
 
 R  Cat. Cat. 
equiv 
Ligand Ligand 
equiv 
BPh3 
equiv 
Time 
(h) 
% 
Yield 
1 Et Pd(PPh3)4 0.2 – – 0 24 44
a 
2 Et Pd(PPh3)4 0.2 – – 1 24 78
a 
3 Et Pd(PPh3)4 0.2 – – 2 24 71
a 
4 Et PdCp(phenylallyl)  0.1 PPh3 0.2 1 24 33
b 
5 Et PdCp(phenylallyl)  0.1 PPh3 0.2 0.4 24 68
b 
6 Et PdCp(phenylallyl)  0.1 PPh3 0.2 0 24 1
b 
7 Et PdCp(phenylallyl) 0.1 XantPhos 0.2 0.4 24 52b 
8 Et Pd2dba3 0.1 PPh3 0.2 0.4 24 4
b 
9 Et Pd2dba3 0.1 XantPhos 0.2 0.4 24 14
a 
10 Me Pd2dba3 0.05 PPh3 0.2 0.4 24 50
b 
11 Me Pd2dba3 0.05 XantPhos 0.2 0.4 24 8
b 
12 Et PdCp(phenylallyl) 0.1 PPh3 0.3 0.4 24 77
b 
13 Et PdCp(phenylallyl) 0.1 PPh3 0.4 0.4 24 75
b 
14 Et PdCp(phenylallyl) 0.1 PPh3 0.5 0.4 24 73
b 
15 Et PdCp(phenylallyl) 0.1 PPh3 0.3 0.4 4 44
b 
16 Et PdCp(phenylallyl) 0.1 XantPhos 0.1 0.4 4 85b 
17 Et PdCp(phenylallyl) 0.1 DPEPhos 0.1 0.4 4 0b 
18 Me PdCp(phenylallyl) 0.1 NiXantPhos 0.1 0.4 4 20b 
19 Et PdCp(phenylallyl) 0.1 DBFPhos 0.1 0.4 4 0b 
20 Et PdCp(phenylallyl) 0.1 2.86 0.2 0.4 4 0b 
21 Et PdCp(phenylallyl) 0.1 2.87 0.1 0.4 4 3b 
22 Et PdCp(phenylallyl) 0.1 2.88 0.1 0.4 4 0b 
23 Me PdCp(phenylallyl) 0.1 XPhos 0.2 0.4 4 29b 
 
a Isolated yield 
b Determined by quantitative 1H NMR with 1,3,5-trimethoxybenzene internal standard 
 
First, different amounts of Lewis acid were tested (entries 1–3). While the addition 
of triphenylborane improved the reaction, 1 equivalent was found to be better than 2. Also, 
filtering the reaction during the workup resulted in loss of product, so it was discontinued. 
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Next, precatalyst/ligand systems were tested. Finding an effective palladium(0) 
precatalyst was important because we planned to use a chiral ligand to induce 
enantioselectivity. The palladium complex with dibenzylideneacetone (dba) is often used 
in cyanoamidation reactions. The use of a palladium(0) precatalyst with cyclopentadienyl 
(Cp) and ƞ3-1-phenylallyl ligands has also been reported.150 The reaction was run with the 
PdCp(phenylallyl)/PPh3 catalyst system with 1 and 0.4 equivalents of added 
triphenylborane (entries 4 and 5), with the latter proving superior. 
Nakao et al.28 found success using XantPhos (2.81, Figure 4.4) as a ligand in their 
intramolecular aminocyanation reaction with Lewis acid and a CpPd(allyl) precatalyst. 
Replacing the triphenylphosphine with XantPhos (2.81) (entry 7) gave a slightly lower 
yield (52%). The two ligands were tested with Pd2dba3, and very low yields were observed 
(entries 8 and 9). It is known that dba is not readily displaced and can impede oxidative 
addition.151 The amount of catalyst was reduced to 5%, unexpectedly resulting in a much 
higher yield when triphenylphosphine was used. With XantPhos as a ligand, the yield was 
not improved (entries 10 and 11). 
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Figure 4.4. Ligands tested for cyanoamidation. 
 
The PdCp(phenylallyl)/PPh3 system was also tried without Lewis acid, but only 1% 
conversion was observed (entry 6). So, at both 1 and 0 equivalents of triphenylborane, the 
reaction gave lower yields than it did with Pd(PPh3)4. This suggests that the additional 
catalyst precursor byproducts inhibit the reaction, as the active catalyst has been shown to 
form quantitatively in the presence of phosphines.151 Under this hypothesis, dba could also 
have a negative effect on the reaction to an even greater extent. This could be tested by 
adding additional dba ligand to a reaction and seeing if the yield is affected. Alternatively, 
the active catalyst could be pre-formed and the mixture hydrogenated to remove alkene 
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byproducts prior to the reaction. However, we did not perform these studies. Nakao et al.28 
also report the inhibition of their aminocyanation reaction by dba. 
With PdCp(phenylallyl) determined to be the better precatalyst, the ligand loading 
was considered. The amount of triphenylphosphine was varied from 20–50% (entries 5 and 
12–14). At 77% yield, a 30% ligand loading was better than 20%. However, the yield 
decreased as more ligand was added beyond 30%. We hypothesized that premixing the 
metal with the ligand prior to addition of the substrate and Lewis acid may improve the 
reaction by pre-forming the active catalyst. However, only 10% yield was observed when 
the PdCp(phenylallyl) and triphenylphosphine were preheated for 45 minutes (compared 
to 68% without preheating).  
With the optimized 30% of triphenylphosphine, the reaction time was reduced to 4 
h (entry 15). Although the yield dropped to 44%, we decided to continue to run subsequent 
reactions for 4 h to allow for faster data collection and to potentially accentuate differences 
in activity between various ligands. Surprisingly, when we ran the reaction for 4 h with 
XantPhos, an 85% yield was observed (entry 16). Compared to entry 6 at 24 h, this was a 
significant improvement. This led us to believe that product decomposition might be 
occurring at longer reaction times. Because XantPhos (2.81) was so successful, other 
bidentate phosphine ligands were tried (entries 17–20). DPEPhos (2.82) gave no reaction, 
possibly due to its flexibility or rotation about the C–O bonds (entry 17). NiXantPhos 
(2.83), despite a structural similarity to XantPhos, performed poorly (entry 18). This 
indicated to us that the electronics of the ligand are important to the activity of the catalyst. 
DBFPhos (2.84) gave no reaction, possibly due to its large bite angle (entry 19). Aliphatic 
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ligand 2.86 was likewise inactive, again possibly due to its flexibility (entry 20). 
Phosphoramidite ligand 2.87 gave only a 3% yield (entry 21). It is a stereoisomer of ligand 
2.80 used by Dreis, which may or may not indicate good reactivity depending on whether 
match/mismatch effects are present. Bidentate 2.88 gave no reaction, even after 24 h (entry 
22). XPhos (2.85), a monodentate phosphine ligand, was moderately efficient with a 29% 
yield when 0.2 equivalents were added (entry 23). Generally, monodentate ligands were 
run at 0.2 equivalents for comparison to the bidentate ligands at 0.1 equivalents. But when 
the reaction was run with 0.1 equivalents of XPhos, a 22% yield was obtained. The slight 
7% difference in yields suggests that different ligands may have different optimal loadings. 
Next, we decided to examine the identity of the Lewis acid. The conditions of entry 
15 were repeated with various borane additives (Table 4.8). Triethylborane resulted in a 
low yield of 8%, while tris(pentafluorophenyl)borane gave 33%. With triphenylborane 
giving the best results, we compared material straight from the bottle to a batch that had 
been recrystallized. The recrystallized triphenylborane gave a yield of 25% and the 
commercial batch gave a 42% yield. This was a surprise because it was a direct repeat of 
the reaction from entry 16 (Table 4.7), which gave an 85% yield. 
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Table 4.8. Lewis acid comparison. 
 
 
Lewis acid Purified % Yield % Conversion Mass balance 
BPh3 yes 25 63 41
 
BEt3 no 8 70 15
 
B(C6F5)3 no 33 98 33
 
BPh3 no 42 100 42 
 
Due to this failure to reproduce the result from entry 16, we decided to probe the 
reaction’s robustness. After running the reaction with the same conditions as entry 5, we 
allowed the reaction mixture to stir at rt for 5 days before analysis. In this case, a 29% yield 
was observed. Initially, we thought that the product had likely been produced in the 
expected 68% yield and then decomposed over time. However, we noticed that 50% of the 
starting material was remaining by quantitative 1H NMR. Therefore, the reaction was rerun 
exactly as it had been the first time, and was analyzed immediately after the reaction ended. 
Again, a lower-than-expected yield of 32% was observed. This raised serious concerns 
about the reproducibility of the reaction and the reliability of the results thus far obtained. 
It also explained many of the confusing results, such as the higher yield at shorter reaction 
times in the case of XantPhos (entry 7 vs 16) but not in the case of triphenylphosphine 
(entry 12 vs 15). Therefore, the results described in this section should be considered the 
lower boundary of what is possible under the given conditions. 
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4.5.2 Reproducibility optimization 
 
 To understand these results, one of the first things we examined was the quality of 
the palladium catalyst. When the reaction from entry 16 was repeated as described above, 
the catalyst had been scraped from the bottom of the vial. We considered the possibility 
that the catalyst had degraded during storage. Two new batches of catalyst were made, one 
by myself and one by Dr. Zhongda Pan. However, these gave yields of 13 and 8%, 
respectively. My batch was also tested by reaction under the conditions of entry 12, and a 
63% yield was obtained (vs 77% in entry 12). Pan also tested each batch in an unrelated 
project, and found that they worked perfectly. Therefore, we concluded that the catalyst 
was not the source of the reproducibility issues. 
 The next variable we tested was the source of the toluene solvent. There were two 
bottles of toluene in the glovebox stored over molecular sieves, and one bottle of toluene-
d8. These were each analyzed by 1H NMR and found to contain water. A fresh bottle was 
prepared by distilling and degassing the solvent, but the yield was not improved. The 
toluene-d8 was dried by passing through an alumina column and storing over activated 
molecular sieves for 72 h. Reaction with this solvent gave the same result as the toluene-
d8 before it was dried, indicating that small amounts of water do not affect the reaction. 
The use of toluene-d8 simplified the data collection process, as analysis by 1H NMR could 
proceed directly after addition of an internal standard, eliminating the necessity to remove 
the reaction solvent and replace it with a deuterated solvent. 
 The scale of the reaction was considered, as the amount of substrate used ranged 
between 10 and 50 mg. However, no correlation between scale and percent yield was noted. 
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Next, the possibility of substrate source contamination was considered. The 
cyanoformamide purity was checked by 1H NMR, and no additional peaks were observed. 
Nevertheless, the material was subjected to an additional purification by flash column 
chromatography. The newly purified material did not result in higher yields with either 
PdCp(phenylallyl)/Xantphos or Pd(PPh3)4. A new batch of material was synthesized from 
scratch, and two identical cyanoamidation reactions were run side-by-side. A large 
disparity in results was noted, with yields of both 9 and 32% and starting material 
consumption ranging from 28–100%. At this time, we began to run all reactions in 
duplicate.   
 Next, the reaction set-up was considered. Reactions were run in vials with Teflon®-
lined caps. The caps on these vials failed quite often, allowing the solvent to escape and 
requiring the experiments to be re-run.  So, we decided to use crimp-top vials instead. The 
crimp-top vials were too small to fit in the aluminum heating blocks that we had previously 
used, so the reactions were heated in an oil bath. A comparison showed smaller ranges for 
experiments run in duplicate when the crimp-top vials were used.  It was hypothesized that 
uneven heating could be to blame for the irreproducibility of the reactions. Therefore, stir 
bars were added to the vials (previously the reactions had been heated without stirring). A 
jacketed oil bath was used and the temperature was closely monitored, staying between 
129.5 and 130.5 °C throughout the entire reaction. With this reaction setup, pairs of 
reactions typically had yields within 10 percent of each other. This procedure is described 
in the appendix as “cyanoamidation procedure 1.” It was later discovered by Douglas group 
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member Matthew Eastwood that running the reaction inside of the glovebox improved it 
still further, described in the appendix as “ cyanoamidation procedure 2”. 
 
4.5.3 Re-optimization under improved conditions  
 
 Since keeping an even temperature seemed beneficial to the reaction, we decided 
to try a higher–boiling solvent. With the improved reaction setup (procedure 1), m-xylene 
was tested as the reaction solvent. We discovered that m-xylene produced slightly higher 
yields using Pd(PPh3)4 (Table 4.9, entry 1). The PdCp(phenylallyl)/XantPhos system was 
next tested in m-xylene with 0.1 equivalents of ligand, giving a 23–24% yield (entry 2). As 
the jacketed oil bath was often required for unrelated kinetics projects, we considered the 
possibility that it was unnecessary and a regular oil bath would provide the same even 
heating compared to a heating block. Reaction with Pd(PPh3)4 indicated that the yield 
suffered slightly from this switch, but was ultimately still reasonable for the added 
convenience (entries 1 vs 3). Pd2dba3 was re-tested, but still proved inefficient (entry 4). 
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Table 4.9. Reaction optimization with improved reaction setup. 
 
 
 Cat. Cat. 
equiv 
Ligand Ligand 
equiv 
Jacketed 
oil bath 
Temp 
°C 
% Yields* 
1 Pd(PPh3)4 0.2 – – yes 130 43, 52, 52 
2 PdCp(phenylallyl) 0.1 XantPhos 0.1 yes 130 23, 24 
3 Pd(PPh3)4 0.2 – – no 130 41, 41 
4 Pd2dba3 0.1 XantPhos 0.1 no 130 1, 10 
5 PdCp(phenylallyl)  0.1 2.91 0.12 no 100 0, 0 
6 PdCp(phenylallyl) 0.1 2.91 0.12 no 130 0, 3 
7 Pd(PPh3)4 0.1 – – no 100 6, 10 
8 Pd(PPh3)4 0.1 – – no 130 14, 30 
9 Pd(PPh3)4 0.1 XantPhos 0.1 no 130 22, 22 
10 Pd(PPh3)4 0.2 XantPhos 0.2 no 130 56, 58, 67 
11 Pd(PPh3)4 0.1 DPEPhos 0.1 no 130 25, 52 
12 Pd(PPh3)4 0.2 DPEPhos 0.2 no 130 61, 64 
13 Pd(PPh3)4 0.1 NiXantPhos 0.1 no 130 18, 35 
14 Pd(PPh3)4 0.2 NiXantPhos 0.2 no 130 40, 47 
15 Pd(PPh3)4 0.2 XPhos 0.4 no 130 66 
16 Pd(PPh3)4 0.2 2.86 0.2 no 130 47 
17 Pd(PPh3)4 0.2 2.87 0.4 no 130 46 
18 Pd(PPh3)4 0.2 2.89 0.4 no 130 52 
19 Pd(PPh3)4 0.2 2.90 0.4 no 130 55 
20 Pd(PPh3)4 0.2 DBFPhos 0.2 no 130 54 
 
 
*Entries 1 and 10 run in triplicate, entries 2–9 and 11–14 run in duplicate 
 
Based on optimized results in a related project, N-heterocyclic carbene ligand 2.91 
(Figure 4.4) was tested at both 100 and 130 °C at a ligand loading of 0.12. However, ligand 
2.91 gave no reaction in our system (entries 5 and 6). Pd(PPh3)4 was also tried at 100 °C, 
but very low yields were observed with 0.1 equivalents of catalyst (entry 7). The lower 
catalyst loading was repeated at 130 °C, and 14% and 30% yields were observed. This 
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range was larger than we had previously noted (see entry 3), indicating that the catalyst 
loading affects the reaction’s reproducibility. With very small amounts of catalyst, it is 
possible that slight variations that occur during weighing are more pronounced.  
We next considered the possibility that an additional ligand could improve the 
reaction. Therefore, XantPhos was added to the reaction with Pd(PPh3)4 at 0.1 and 0.2 
equivalents. The reaction with 0.2 equivalents of catalyst performed significantly better 
(entries 9 and 10). It was also an improvement over the experiment with no added ligand 
(entry 3 vs 10). We decided to test whether the identity of the additional ligand was 
important. The experiment was repeated with added DPEPhos and NiXantPhos (entries 
11–14). In each case, the higher loadings of catalyst and ligand gave results which were 
both higher-yielding and more reproducible. XantPhos and DPEPhos gave 10–20% better 
yields than NiXantPhos (entries 10 and 12 vs 14), indicating that the identity of the ligand 
was important as well as the loading, even when Pd(PPh3)4 was used as the catalyst instead 
of a precatalyst such as CpPd(phenylallyl). A few other ligands were screened (entries 15–
20). Ligands 2.86 and 2.87 gave the lowest yields, as we might expect from earlier results 
in which they were inactive (entries 19 and 20 in Table 4.6). XPhos boosted the yield, as it 
did previously. More surprising, DBFPhos performed better than NiXantPhos, which is 
opposite from what was observed in the previous section. However, this may be due to the 
reaction setup used previously which caused sporadic reaction failures. Ligand 2.89 with 
an XPhos–type structure resulted in a slight yield increase, as did phosphoramidite 2.90. 
The chiral phosphoramidite ligand 2.90 gave an e.r. of 49:51 as determined by HPLC. The 
low enantioselectivity is unsurprising in this case considering the abundance of 
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triphenylphosphine also present in the reaction; the enhancements observed in this section 
are on top of the background rate with just triphenylphosphine as a ligand.  
 It should be noted that mass balance has been a concern throughout this study. In 
many cases, the combined product and starting material did not add up to 100% of the 
original starting material. Although great efforts were made to isolate and identify the 
reaction’s byproducts, no byproduct was formed in large enough quantities. For an 
additional complicating factor, different impurity profiles were obtained with even the 
slightest variation in reaction conditions. 
 We have speculated on the possible decomposition mechanisms at play. 
Decarbonylation, decyanation, or alkene isomerization have all been previously observed 
in similar reactions. The reactivity and nucleophilicity of the unprotected indole could 
interrupt the cyanoamidation mechanism at various points and start cascades leading to 
innumerable unknown destinations. Attack of the indole at the cyanoformamide carbonyl 
could result in spirocyclic or fused ring products. Phosphine ligands have been known to 
form phosphorus–carbon bonds with alkene or alkyne substrates in transition metal–
catalyzed reactions through reductive elimination, giving phosphonium salts.152–154 
Oligomerization could occur through intermolecular cyanoamidation or other 
intermolecular mechanisms. It is also possible that some combinations of these are viable 
under the various conditions.   
Planned experiments involved further testing of various ligands with a precatalyst 
such as PdCp(phenylallyl) under the optimized conditions (oil bath, stir bar, and >0.1% 
catalyst). New ligands to try included structures 2.92–2.105 (Figure 4.5). The Reetz X 
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ligands 2.92 and 2.93 have phosphonite substituents like ligand 2.80, but incorporate a 
XantPhos-type backbone. Phanephos ligand 2.94 and tri(o-tolyl)phosphine (2.98) were 
intriguing for their electronic similarity to triphenylphosphine. Spiroketal ligand 2.95 is 
unusual because its chirality is derived from the backbone linking the two phosphines. As 
XPhos was shown to have good activity, related structures t-Bu XPhos (2.101), t-Bu 
BrettPhos (2.102), and BrettPhos (2.103) piqued our interest. Other ligands with different 
features could give us important information about an ideal ligand structure. JosiePhos 
(2.96) and dppf (2.97) contain ferrocene, while (R)-MOP (2.99) and TrixiePhos (2.100) 
have BINAP. Bidentate ligands dppe (2.104) and dppp (2.105) have flexible backbones. 
Chiral ligands could be tested for enantioselectivity. Despite their low activity in our 
system, we planned to include more phosphoramidite ligands in our study if necessary, as 
their enantioselectivity in other systems has been established. Other variables such as the 
Lewis acid identity could be re-examined, along with new studies such as the ideal 
concentration. With this plan in place, further exploration of the cyanoamidation of 2.51 
was continued by Douglas group member Matthew Eastwood.  
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Figure 4.5. Ligands to be tested in future trials. 
 
4.6 Progress toward the final ring closure 
 
 We envision closure of the nine–membered ring via a Houben–Hoesch reaction. 
The Houben–Hoesch reaction can comprise the condensation of a nitrile group with an 
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aromatic ring, which has been used successfully in total synthesis applications.124,125   A 
similar reaction was reported by Hao et al.125  They formed tetracyclic compound 2.107 
from indole 2.106 by closing a seven–membered ring with a nitrile group (Scheme 4.16). 
The nitrile substituent on 2.106 reacts at the 2-position on the indole ring, as is required for 
our synthesis. An analogous reaction in our system would complete the carbon skeleton of 
quebrachamine (see scheme 4.1). It is possible that such a cyclization could even be run in 
tandem with the cyanoamidation reaction, with the Houben-Hoesch promoter added after 
the bond activation reaction in a one-pot procedure. The synthesis of medium-sized rings 
remains a challenge, and the construction of indole-annulated medium-sized ring skeletons 
is particularly significant.155 We suggest that the final ketone formed during the cyclization 
could be reduced by lithium aluminum hydride or sodium cyanoborohydride, which may 
be a milder choice.156 Another possible method is conversion of the ketone to a 
tosylhydrazone followed by reduction with catecholborane and decomposition to the 
hydrocarbon.157 
 
Scheme 4.16. Houben–Hoesch ring closure between indole and nitrile. 
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4.6.1 Direct ring closure attempts 
 
 We first attempted to perform a Houben–Hoesch ring closure directly on nitrile 
2.50 to form the 9–membered ring. Following the procedure by Hao et al., a new product 
was observed. Analysis by 1H NMR, 13C NMR, 19F NMR, mass spectrometry, IR, COSY, 
HSQC, and HMBC appeared to support the desired product structure. Recrystallization 
from DCM/hexanes gave fuzzy crystals large enough for X-ray crystallography. The 
crystal structure resulting from single-crystal X-ray diffraction contained solvent and was 
poor quality due to anions and cations in the asymmetric unit (Figure 4.6). However, we  
 
Figure 4.6. Crystal structure of the unknown product. 
 
determined that our hypothesized 9–membered ring structure had not formed. Instead, the 
lactam had performed the role of electrophile for the indole, making a 6–membered ring, 
and the nitrile had hydrated to the primary amide, presumably during the aqueous workup. 
The structure isolated was iminium ion 2.108 (Scheme 4.17). We were interested in this 
efficient reaction and the versatile structure of 2.108, so a new project was started to 
explore the result and its potential applications (see Chapter 5). 
 
93 
 
 
 
Scheme 4.17. An unexpected cyclization forms iminium ion 2.108. 
 
 The reaction with trifluoromethanesulfonic acid showed us that reaction of the 
indole with the nitrile was in competition with the reaction of the indole with the lactam. 
Therefore, we decided to try using tris(pentafluorophenyl)boron to activate the nitrile. 
Tris(pentafluorophenyl)boron is a Lewis acid which is known for having a particular 
affinity for nitrogen–containing compounds.158 A procedure reported by Yamamoto et 
al.158 for the aldol–type reaction of ketene silyl acetals 2.110 with N-benzylimines 2.109 to 
give β-benzylamino acid esters 2.111 was used as a starting point (Scheme 4.18). 
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Scheme 4.18. Nucleophilic addition with tris(pentafluorophenyl)boron catalyst. 
 
 When lactam 2.50 was stirred with catalytic tris(pentafluorophenyl)boron for 15 h 
at rt, no reaction was observed. We attempted the reaction again, this time increasing to 1 
equivalent of Lewis acid. No reaction was observed after 18 h, so the temperature was 
raised to 35 °C. The reaction was monitored by TLC while increasing the reaction 
temperature by 10° C every 2 h. The reaction mixture was transferred into a Teflon®-
sealed reaction vessel between 105 and 115 °C. Eventually, the temperature was raised to 
185 °C, and the reaction was allowed to stir for an additional 5 days. Although we expected 
eventual decomposition of the starting material, this did not occur and no reaction was 
observed. 
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 Since Lewis acid was ineffective at promoting the reaction of lactam 2.50, we 
decided to try a different Brønsted acid. Anhydrous gaseous hydrochloric acid was bubbled 
through a solution of the lactam in dioxane for 45 minutes, followed by heating of the 
mixture at 120 °C for 3 h. 1H NMR and mass spectrometry indicated that the starting 
material was consumed. However, the data was inconsistent with desired product formation 
(significant degradation shown by 1H NMR) and we were unable to identify any other 
products. 
 We decided to try converting the nitrile into a carboxylic acid to make a more 
electrophilic target for attack by the indole. A similar strategy was used by Bosch et al.159 
prior to PPA cyclization. The lactam was stirred with aqueous sodium hydroxide in ethanol 
at reflux for 24 h following a procedure by Kumar et al.160 However, incomplete conversion 
was observed and we were unable to characterize the product. Mass spectrometry indicated 
that the desired carboxylic acid was not formed. Alternative reagents for the transformation 
that we were not able to test include aqueous hydrochloric acid,161 nitrilase enzymes,162 or 
ruthenium catalysts.163   
With the above experiments all failing to produce a 9–membered cyclization 
product, we hypothesized that the rigidity imposed by the amide may cause the nitrile to 
point away from the indole, preventing access to conformations allowing nucleophilic 
attack. As discussed in Section 3.2.4 of Chapter 3, other attempts to directly form the 9–
membered ring have been thwarted by unfavorable conformations of the 6–membered ring. 
We postulated that reduction of the lactam prior to cyclization may allow access to more 
favorable conformations (see Section 4.6.2). However, the success of Ziegler et al.104 as 
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discussed in Chapter 3 indicates that a PPA–catalyzed cyclization may be worth 
attempting. Additionally, alternative anhydrous hydrochloric acid conditions could be 
attempted, as it have has been shown to promote Houben–Hoesch reactions in the presence 
of zinc chloride164–167 or boron trifluoride etherate.168 
 
4.6.2 Selective reduction of the lactam 
 
 We decided to first reduce the lactam in order to facilitate the desired Houben–
Hoesch cyclization of the indole with the nitrile and eliminate the problematic Bischler–
Napieralski reaction with the amide. Brookes et al.169 achieved the reduction of tertiary 
amide 2.112 to the amine 2.113 in the presence of a nitrile. They initially attempted to use 
lithium aluminum hydride, but described it as too aggressive. Instead, they found success 
with borane dimethylsulfide (Scheme 4.19). Our attempt to apply these conditions resulted 
in a complex mixture with no indication that the desired reduction had occurred. 
Figure 1 
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Scheme 4.19. Selective amide reduction with borane dimethylsufide. 
 
 Despite what Brookes et al. reported about over-reduction with lithium aluminum 
hydride, it was successfully used to reduce lactam 2.114 to amine 2.115 by Overman et 
al.170 in the presence of a nitrile (Scheme 4.20). We followed this procedure and, rather 
than being too aggressive, found that no reaction occurred at –78 °C. When the reaction 
was repeated at reflux, decomposition of the starting material was observed. It may be 
worthwhile to reattempt this procedure at –20 °C or rt. 
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Scheme 4.20. Selective lactam reduction with lithium aluminum hydride. 
 
Based on a report by Hao et al.171 in which amide 2.116 was converted to amine 
2.117 (Scheme 4.21), we added aluminum trichloride to the lithium aluminum hydride. At 
rt, new products were observed by TLC. Attempts at isolation provided primarily starting 
material.  
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Scheme 4.21. Amide reduction with lithium aluminum hydride and aluminum trichloride. 
 
Repeating the reaction at reflux gave full consumption of the starting material. 
Characterization of the product by 1H NMR, IR, and mass spectrometry all gave data 
consistent with the desired product 2.118 at a 12% yield (Figure 4.7). The experiment was 
repeated, and the same product was observed. Because the isolated yields in both cases 
were considerably lower than the crude yield, we suspected that the product may 
decompose on silica gel. A 2D TLC was run to test this idea. The Rf observed in the second 
dimension was considerably smaller than that in the first dimension, suggesting 
decomposition. To get around this problem, we tested the feasibility of isolating the product 
as an HCl salt. However, exposure to dilute aqueous HCl also led to product 
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decomposition. Additional attempts to replicate the result were unsuccessful, so the 
approach was abandoned due to irreproducibility.  
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(a) 
(b) 
 
Figure 4.7. (a) 1H NMR of product 2.108. (b) IR of product 2.108. 
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Kinoyama et al.172 reported the reduction of lactam 2.119 to amine 2.120 with a 
borone-tetrahydrofuran complex while keeping a nitrile group intact (Scheme 4.22). Under 
the same conditions, a small amount of a new product was observed in our system by TLC. 
1H NMR did not suggest that it was the desired product, and too little material was isolated 
to give a quality 13C NMR spectrum. Only starting material was observed by mass 
spectrometry. This experiment may be worth repeating with a reaction time long enough 
for starting material consumption. 
 
Scheme 4.22. Selective lactam reduction with borane-THF complex. 
 
A procedure was reported by Charette et al.173 to reduce amide 2.121 to amine 2.122 
using trifluoromethanesulfonic anhydride and Hantzsch ester hydride (Scheme 4.23). This 
method was used successfully in a separate project by group member Dr. Zhongda Pan. 
When lactam 2.50 was reacted under these conditions, new products were observed. 
Isolation by flash column chromatography gave two unidentified products and one product 
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that was consistent with the desired product. However, mass spectrometry of this sample 
was not consistent with the desired product by 1H NMR, and further analysis was not 
undertaken. 
 
Scheme 4.23. Selective amide reduction with Hantzsch ester hydride. 
 
Tada et al.,174 demonstrated that conversion of the amide to a thiocarbonyl in the 
presence of a nitrile should be possible with Lawesson’s reagent, followed by reduction 
with sodium borohydride or sodium cyanoborohydride.175 Additionally, Chen et al.176 
utilize the reaction in their synthesis based on the eburnamine–vincamine alkaloids. 
Lactam 2.123 is efficiently converted to a thioamide and subsequently reduced with Raney 
nickel to amine 2.124 without disturbing the nitrile group (Scheme 4.24). When lactam 
2.50 was reacted with Lawesson’s reagent, a new product was observed by TLC. A mass 
spectrum of the crude reaction showed a peak corresponding to starting material and a peak 
that could correspond to the desired product. The crude material was subjected to flash 
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column chromatography, but the new product was not isolated. The reaction was repeated 
and a 2D TLC indicated that the new product was unstable on silica gel. An experiment 
was run at 100 °C to improve consumption of the starting material, but the opposite 
occurred and no reaction was observed. We attempted to switch the solvent from toluene 
to dioxane, but this resulted in decomposition of the starting material. 
 
Scheme 4.24. Selective lactam reduction via a thioamide. 
 
Tallant et al. report the reduction of ester 2.125 to alcohol 2.126 without affecting 
the nitrile substituent using lithium borohydride (Scheme 4.25).177 We thought that it 
seemed possible that amides would react as well. By TLC, it appeared that a new product 
had formed when lactam 2.50 was refluxed with lithium borohydride in THF for 7 h. 
However, analysis by 1H NMR showed only starting material. 
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Scheme 4.25. Selective ester reduction with lithium borohydride. 
 
Although many attempts were made, a dependable procedure for the reduction of 
lactam 2.50 was not discovered. As Wolff–Kishner reductions have shown compatibility 
with nitrile groups,178 we suggest that a Clemmensen or Wolff–Kishner reduction may find 
success. Various silane reagents have also shown chemoselectivity in the presence of 
nitriles.179–181 Unfortunately, we were unable to test these propositions. An alternative 
procedure for thioamide preparation could also be attempted: Sundberg et al. report 
phosphorus pentasulfide as an effective reagent for the transformation.175 
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CHAPTER FIVE 
Progress Toward the Total Synthesis of 
Eburnamonine*1 
 
 
5.1 Proposed route to Eburnamonine and Leucophylidine 
 
As discussed in Chapter 4 (section 4.6.1), an unexpected reaction occurred when 
lactam 2.50 was treated with trifluoromethanesulfonic acid (Scheme 4.17). A new product 
was formed, tetracyclic iminium ion 2.108, which was characterized by X-ray 
crystallography (Figure 4.6). The high yield of the reaction, product stability, and 
remarkable structure piqued our interest and we decided to pursue applications of the 
reaction and product.  
A very similar structure was described by Schlessinger et al.59 in their 1976 total 
synthesis of (±)-eburnamonine (2.7). Iminium ion 2.127 was reduced to give amine 2.128, 
which underwent a base-promoted cyclization with the indole to give (±)-eburnamonine 
(2.7) (Scheme 5.1). We propose that iminium ion 2.108 could undergo a similar sequence, 
providing a new total synthesis of the natural product. 
 
 
 
                                                          
*1This chapter describes the outcome of a collaborative research project carried out by 
Otte and Alonzi (and advised by Douglas). 
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Scheme 5.1. Synthesis of eburnamonine by hydrogenation and cyclization. 
 
We suggested that our proposed synthesis of eburnamonine could also be used 
toward other natural products, as has been done previously. For example, melohenine B 
was synthesized in a biomimetic fashion from eburnamonine by Westwood et al.183 We 
hypothesized that eburnamonine’s lactam moiety could be coupled with eucophylline 
(2.129) to give the natural product leucophyllidine (2.6), which has not previously been 
synthesized (Figure 3.1). Leucophyllidine was first isolated in 2009 by Kam et al.58 and 
has been shown to inhibit iNOS activity in cellular studies,184 giving it the potential for the 
treatment of diseases linked to iNOS expression such as bowel disease and asthma.185 
Another group member, Grant Frost, performed some preliminary studies on a new 
synthesis of eucophylline,186 which could also be synthesized by a Friedländer quinoline 
synthesis187 or a free-radical approach.188 
However, after we completed the work described in this chapter, Pandey et al.187 
published a study reporting that their attempts at the formation of leucophyllidine through 
a Mannich-like direct coupling of eucophylline (2.129) and eburnamine (2.130) resulted in 
leucophyllidine regioisomer 2.131 (Scheme 5.2). This suggests that our route may 
encounter the same reactivity, and could require modification. 
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Scheme 5.2. Attempted synthesis of leucophyllidine gives a regioisomer. 
 
 Several months after we discovered the reaction of lactam 2.50 with 
trifluoromethanesulfonic acid (Scheme 4.17), Movassaghi et al.189 published their 
mechanistic investigation of an interrupted Bischler–Napieralski reaction. This synthetic 
strategy granted them access to the aspidosperma alkaloids from lactam 2.132 via iminium 
ion 2.134 (Scheme 5.3). It is likely that our reaction proceeds via a dication similar to 
structure 2.133 observed by Movassaghi et al.  
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Scheme 5.3. A diiminium ion intermediate observed in an interrupted Bischler–Naperalski 
reaction. 
 
5.2 Iminium ion formation 
 
 An attempt was made to optimize the reaction and determine its robustness. We 
also wanted to grow higher-quality crystals in order to collect better X-ray data. The 
reaction was repeated and we attempted to purify the product by flash column 
chromatography (40:1 DCM/methanol). Although the product is stable as a methanol 
solution, exposure to silica gel resulted in product decomposition.  
The reaction was repeated again, but excess sodium bicarbonate was inadvertently 
added, thus the work-up was performed under basic instead of acidic conditions. In this 
case, a different product was observed. Analysis by 1H NMR, IR, and mass spectrometry 
were insufficient for conclusive structural determination, but indicated that the nitrile was 
intact. We also tried removing the reaction solvent prior to the work-up, as described by 
Zhao et al.125 Yet another new product was observed, but decomposed before we were able 
to characterize it. These results indicate that the reaction is highly sensitive to the work-up 
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conditions, which makes sense because that is when the nitrile hydration presumably takes 
place. 
At this point, the project was taken over by my undergraduate mentee, Elizabeth 
Alonzi, and she continued the study under my supervision. First, she reproduced the 
original result, formation of the iminium ion. She found that on a smaller, 10 mg scale (vs 
50 mg), a 70% yield was obtained. The reaction was repeated on a 100 mg scale. The 
product was obtained, but we were unable to measure an accurate yield due to unknown 
impurities. 
A solubility study was performed to determine potential NMR solvents and 
alternative recrystallization solvents. The product was found to be very soluble in 
methanol, soluble in benzene, ethyl acetate, and dichloromethane, slightly soluble in 
acetone, and not soluble in acetonitrile or hexanes. Successful recrystallization solvents 
included 5:5:1 ethyl acetate/hexanes/methanol and 10:10:1 benzene/hexanes/methanol, but 
the crystals were not of a quality surpassing those previously obtained.  
An attempt was made to replace the trifluoromethanesulfonate counter-ion, known 
to have high degree of disorder, with another anion. Iminium ion 2.108 was stirred with 
aqueous 2 M hydrochloric acid, but did not dissolve. Methanol was added and the mixture 
was stirred for an additional hour, but still did not dissolve. The mixture was sonicated for 
2 minutes, giving a homogeneous solution. After stirring overnight, the product was intact 
(no decomposition had occurred) but the counter-ion exchange had failed. Additional ideas 
for exchanging the counter-ion include an ion-exchange column, other solvents that may 
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better facilitate an exchange, or an ion-exchange resin. However, we were unable to obtain 
an ion-exchange column or resin, and did not attempt other solvents due to time constraints. 
 
5.3 Iminium ion hydrogenation 
 
 With an established procedure for the synthesis of iminium ion 2.108, a 
hydrogenation was attempted. Palladium on carbon in methanol with a trace of perchloric 
acid was used, as described by Schlessinger et al. After stirring under hydrogen for several 
hours, no reaction was observed. The original report gave no indication of a reaction time 
or temperature. 
 Due to the lack of details in the procedure by Schlessinger et al., we decided to try 
a procedure reported by Szántay et al.190–193 in their Vinca alkaloid syntheses. Iminium ion 
2.135 was hydrogenated to amine 2.136 using DMF as the solvent (Scheme 5.4). In our 
system, a new spot was observed by TLC, and analysis of the reaction by mass 
spectrometry gave a peak consistent with the desired product. However, the new product 
was not observed after the work-up. It was concluded that the aqueous work-up under basic 
conditions caused the product to react further and possibly decompose. An attempt to 
repeat the reaction failed, which we speculated may be due to a decrease in scale and visible 
loss of material during the reaction setup.  
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Scheme 5.4. Iminium ion hydrogenation with palladium on carbon. 
 
 At this time, more material is required for further attempts to isolate the 
hydrogenation product observed. It is suggested that the hydrogenation reaction is repeated 
on the original scale once sufficient quantities of compound 2.108 are obtained. If the 
experiment does not proceed as expected, the hydrogen pressure could be increased, or 
other hydrogenation procedures can be attempted. Zhu et al.,194 Danieli et al.,195 and Nemes 
et al.196 have reported the reduction of similar iminium ions using sodium borohydride, 
while Takano et al.197 used lithium tri-tert-butoxyaluminum hydride. 
 
5.4 Conclusion 
 
 To summarize this work, an efficient route to cyanoformamide 2.51 was developed 
and its application toward the total syntheses of quebrachamine and eburnamonine was 
explored. Hydroalkylation, Johnson–Claisen, carbodiimide coupling, and lithium 
aluminum hydride reduction steps were optimized. Vinyl transfer and Claisen 
rearrangement steps were studied, and a reductive amination with tryptamine was 
developed. Cyanoamidation of cyanoformamide 2.51 was demonstrated, and a robust 
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procedure was established. A Bischler–Napieralski cyclization was achieved toward the 
synthesis of eburnamonine, and studies toward a Houben–Hoesch cyclization with the 
nitrile 2.50 were performed. Additionally, a diastereoselective cyanoamidation reaction 
was established and attempts were made toward removal of the directing group.  
Future work toward the synthesis of quebrachamine primarily involves closure of 
the 9–membered ring and reduction of the carbonyl groups. Ring closure conditions yet to 
be tried include PPA catalysis, boron trifluoride etherate, and hydrochloric acid with zinc 
chloride (see section 4.6.1). Selective reduction of the lactam could be reattempted with 
lithium aluminum hydride at rt or borane-THF complex with >5 h reaction time. New 
procedures to try include Wolff–Kishner reduction or phosphorus pentasulfide 
transformation to the thioamide (see section 4.6.2). 
Next experiments toward the total synthesis of eburnamonine from iminium ion 
2.108 include reproducing the hydrogenation of 2.108 and advancing the intermediate to 
eburnamonine through base–catalyzed cyclization. If the hydrogenation is not successful, 
other procedures can be tried (described in section 5.3). Additionally, the synthesis of 
leucophyllidine from eburnamonine can be attempted. 
Future work on the diastereoselective cyanoamidation project includes removal of 
the directing group, further exploration of the substrate scope, and mechanistic studies. For 
the directing group removal, Birch reduction or sodium methoxide conditions could be 
tested (see section 2.2). New substrates to try could include various substitution at the 
quaternary center or substitution along the backbone. 
114 
 
BIBLIOGRAPHY 
 
 
(1)  Yasui, Y.; Kamisaki, H.; Ishida, T.; Takemoto, Y. Synthesis of 3,3-Disubstituted 
Oxindoles through Palladium-Catalyzed Intramolecular Cyanoamidation. 
Tetrahedron 2010, 66, 1980–1989. 
(2)  Kobayashi, Y.; Kamisaki, H.; Yanada, R.; Takemoto, Y. Palladium-Catalyzed 
Intramolecular Cyanoamidation of Alkynyl and Alkenyl Cyanoformamides. Org. 
Lett. 2006, 8, 2711–2713. 
(3)  Kobayashi, Y.; Kamisaki, H.; Takeda, H.; Yasui, Y.; Yanada, R.; Takemoto, Y. 
Intramolecular Cyanoamidation of Unsaturated Cyanoformamides Catalyzed by 
Palladium: an Efficient Synthesis of Multi-functionalized Lactams. Tetrahedron 
2007, 63, 2978–2989. 
(4)  Yasui, Y.; Kamisaki, H.; Takemoto, Y. Enantioselective Synthesis of 3,3-
Disubstituted Oxindoles through Palladium-Catalyzed Cyanoamidation. Org. Lett. 
2008, 10, 3303–3306. 
(5)  Rondla, N. R.; Levi, S. M.; Ryss, J. M.; Vanden Berg, R. A.; Douglas, C. J. 
Palladium-Catalyzed C–CN Activation for Intramolecular Cyanoesterification of 
Alkynes. Org. Lett. 2011, 13, 1940–1943. 
 
 
115 
 
(6)  Ateşin, T. A.; Li, T.; Lachaize, S.; Brennessel, W. W.; García, J. J.; Jones, W. D. 
Experimental and Theoretical Examination of C–CN and C–H Bond Activations of 
Acetonitrile using Zerovalent Nickel. J. Am. Chem. Soc. 2007, 129, 7562–7569. 
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APPENDIX 
Experimental and Characterization Data 
 
 
General details 
 
Commercial reagents were used as received unless otherwise indicated. Analytical 
thin layer chromatography (TLC) was carried out using 0.25 mm silica plates from 
SiliCycle. Eluted plates were visualized first with UV light and then by staining with 
potassium permanganate/potassium carbonate. Flash column chromatography was 
performed using 230–400 mesh (particle size 0.04–0.063 mm) silica gel purchased from 
SiliCycle. 
 
Instrument details 
 
 1H NMR (300 MHz) and 13C NMR (75 MHz) spectra were obtained on Varian FT 
NMR instruments. 1H NMR (400 MHz) and 13C NMR (100 MHz) spectra were obtained 
on Bruker FT NMR instruments. 1H NMR (500 MHz) and 13C NMR (125 MHz) spectra 
were obtained on Bruker or Varian FT NMR instruments. NMR spectra were reported as 
δ values in ppm relative to chloroform-d ( 7.26 ppm) or tetramethylsilane (0.00 ppm) 
1H NMR coupling constants, J, are reported in Hz; multiplicity was indicated as follows: 
s (singlet); d (doublet); t (triplet); q (quartet); quint (quintet); sept (septet); m (multiplet); 
dd (doublet of doublets); ddd (doublet of doublet of doublets); dddd (doublet of doublet 
of doublet of doublets); dt (doublet of triplets); td (triplet of doublets); ddt (doublet of 
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doublet of triplets); dtd (doublet of triplet of doublets); app (apparent); br (broad). For 
quantitative NMR, 1,3,5-trimethoxybenzene was used as an internal standard. Infrared 
(IR) spectra were obtained as films from DCM or chloroform-d with 16 scans on a 
Thermo Scientific FT-IR. High-resolution mass spectra (HRMS) and low-resolution mass 
spectra (LRMS) using electrospray ionization (ESI) were collected on a Bruker BioTOF 
II reflectron ESI-TOF instrument. HRMS experiments used PEG-300, PEG-400, or PPG 
400 as an internal standard. LRMS data using chemical ionization (CI) was obtained from 
a Varian Saturn 2200 GC–MS. 
 
i. 2-Methylenebutanol:1  
 
Copper(I) iodide (1.9 g, 10 mmol), propargyl alcohol (5.9 mL, 100 mmol), and 
dry THF (22 mL) were added to a flame–dried flask under nitrogen and the solution was 
cooled to –10 °C.  Ethylmagnesium bromide (3 M in diethyl ether, 83 mL, 250 mmol) 
was added via syringe pump at a rate of 60 mL/h. The solution turned brown and salts 
accumulated around the sides of the flask, stopping the stir bar for the addition of the 
final 10 mL. The vessel was allowed to warm to rt and the reaction became homogenous. 
The reaction was stirred at rt for 4 h, then cooled to –10 °C. The septum was removed 
and sat. aqueous ammonium chloride (100 mL) was added dropwise, forming a thick 
green salt. An additional 2 L of water was added to dissolve the salts. The pH was 
brought to ~1 with 2 M aqueous hydrochloric acid. Diethyl ether (100 mL) was added 
                                                          
1 (a) Duboudin, J. G.; Jousseaume, B. J. Organomet. Chem. 1979, 168, 1–11. (b) Dreis, 
A. D.; Otte, S. C.; Eastwood, M. S.; Alonzi, E. R.; Brethorst, J. T.; Douglas, C. J. Eur. J. 
Org. Chem. 2017, 2017, 45–48. 
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and the layers were separated. The aqueous layer was extracted with diethyl ether (8 × 
100 mL). The combined organic extracts were washed with brine, dried with sodium 
sulfate, filtered, and concentrated under reduced pressure to give a mixture of 2-
methylenebutanol and propargyl alcohol. The mixture was then subjected to a Glaser 
coupling to remove the unreacted alkyne (see below). 
Copper(I) chloride (580 mg, 5.9 mmol) and diethyl amine (12 mL) were added to 
a round–bottom flask and stirred, turning a dark green color. The mixture of 2-
methylenebutanol and propargyl alcohol was added, turning the mixture a cloudy swamp 
green with dark particulates. The reaction mixture was left open to air and allowed to stir 
for 3 h. The solution was brought to pH 1 with the addition of 2 M aqueous hydrochloric 
acid to give an orange–colored mixture. The solution was extracted with diethyl ether (7 
 50 mL), and the organic layers were washed with brine, dried over sodium sulfate, and 
concentrated to produce a mixture of 2,4-hexadiyne-1,6-diol and 2-methylenebutanol as a 
dark orange–brown liquid. The 2-methylenebutanol was distilled under ambient pressure 
at 120 °C to give a clear, colorless liquid (6.4 g, 74.3 mmol, 74% yield): Rf  = 0.3, 9:1 
hexanes:acetone; 1H NMR (300 MHz, CDCl3) δ 5.01 (app s, 1H), 4.87 (app s, 1H), 4.09 
(s, 2H), 2.08 (q, J = 7.5 Hz, 2H), 1.48 (br. s, 1H), 1.07 (t, J = 7.5 Hz, 3H); 13C NMR (75 
MHz, CDCl3) δ 150.3, 107.5, 65.0, 25.4, 11.8; IR (thin film) 3346, 2967, 2936, 2879, 
1656, 1460 cm-1; GC: (30 m × 0.25 mm ID, CP8944, 80 °C/0.5 °C min-1/150 °C/2 
min/50 °C min-1/250 °C/2 min) tR = 3.1 min; LRMS (CI/MeOH) m/z 87 (M + H)
+, 69 (M 
– OH)+, 57 (M – Et)+.   
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ii. N-(2-(1H-indol-3-yl)ethyl)-4-methylenehexanamide: 
 
 A 100 mL round–bottom flask was charged with a stir bar and flame–dried. The 
flask was cooled to 0 °C and distilled DCM (44 mL) was added under nitrogen. 4-
methylenehexanoic acid (2.54) (2.8 g, 21.8 mmol), 4-dimethylaminopyridine (1.3 g, 10.9 
mmol), triethylamine (3 mL, 21.8 mmol), and 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (6.3 g, 32.7 mmol) were added, and the resulting 
orange mixture was allowed to stir for 15 minutes.  Tryptamine (4.2 g, 26.2 mmol) was 
added, giving a cloudy peach–colored mixture. The solution was warmed to rt and stirred 
for 19 h. Aqueous 2 M HCl was added to acidify, then extracted with DCM (3 × 50 mL). 
The DCM extracts were combined, dried with brine and sodium sulfate, and 
concentrated. The crude reaction mixture was purified by flash column chromatography 
(1:1 ethyl acetate/hex) to give N-(2-(1H-indol-3-yl)ethyl)-4-methylenehexanamide (2.59) 
as a waxy orange gel (3.62 g, 61% yield): 1:1 EtOAc/hex, Rf = 0.30, KMnO4; 
1H NMR 
(300 MHz, CDCl3) δ 8.61 (s, 1 H), 7.49 (d, J = 7.5, 1 H), 7.26 (d, J = 8.9, 1 H), 7.07 (app 
t, J = 1.5, 1 H), 7.01 (app t, J = 1.1, 1 H), 6.87 (s, 1 H), 5.72 (t, J = 5.3, 1 H), 4.62 (app s, 
1 H), 4.56 (app s, 1 H), 3.48 (q, J = 6.9, 2 H), 2.85 (t, J = 6.8, 2 H), 2.22 (m, 2 H), 2.15 
(m, 2 H), 1.89 (q, J = 7.5, 2 H), 0.90 (t, J = 7.5, 3 H); 13C NMR (75 MHz, CDCl3) δ 
173.0, 150.0, 136.5, 127.3, 122.3, 122.0, 119.3, 118.6, 112.6, 111.5, 108.2, 39.9, 35.0, 
31.8, 28.9, 25.3, 12.3; IR (thin film) cm-1 3404. 3289, 3080, 2964, 2931, 2853, 1656, 
1552, 1457; LRMS (ESI) m/z 271 (M + H)+. 
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iii. N-(2-(1H-indol-3-yl)ethyl)-4-methylenehexan-1-amine:  
 
 Amide 2.59 (0.2 g, 0.74 mmol) was dried by benzene azeotrope in a 25 mL 
round–bottom flask.  Dry THF (3.4 mL) was added under nitrogen.  Lithium aluminum 
hydride was added at 0 °C, and the pale yellow solution turned grey.  The suspension 
stirred at 0 °C for 30 minutes, then was allowed to warm to rt.  An oven–dried reflux 
condenser was attached and placed under nitrogen.  The reaction mixture was heated to 
75 °C in an oil bath and reflux was maintained for 15 h.  The reaction was cooled to 0 °C 
and quenched by slow addition of sodium hydroxide (5 mL) followed by water (5 mL).  
The solution was filtered and extracted with diethyl ether (2 × 5 mL).  The combined 
organic extracts were washed with brine (5 mL), dried over sodium sulfate, and 
concentrated under reduced pressure to give N-(2-(1H-indol-3-yl)ethyl)-4-
methylenehexan-1-amine (2.52) as an orange oil (0.14 g, 74% yield): 1H NMR (300 
MHz, CDCl3) δ 8.88 (br s, 1 H), 7.53 (d, J = 9.0 Hz, 1 H), 7.20 (d, J = 6.0 Hz; 1 H), 7.08 
(app t, J = 9.0, 3.0 Hz, 1 H), 7.01 (app t, J = 6.0, 1.2 Hz, 1 H), 6.85 (d, J = 3.0 Hz, 1 H), 
4.57 (d, J = 9.0 Hz, 2 H), 2.89 (app s, 4 H), 2.54 (t, J = 6.0 Hz, 2 H), 1.93–1.84 (m, 4 H), 
1.56–1.46 (app quin, J = 9.0 Hz, 2 H), 1.17 (s, 1 H), 0.89 (t, J = 9.0 Hz, 3 H); 13C NMR 
(75 MHz, CDCl3) δ 151.0, 136.5, 127.4, 122.2, 121.8, 119.1, 118.8, 113.5, 111.3, 107.8, 
49.9, 49.6, 34.0, 28.6, 28.1, 25.8, 12.3; IR (thin film) 3277, 2927, 1641, 1550 cm-1; 
HRMS (ESI) calcd for [C17H25N2]
+ 257.2012, found 257.2012 (M+H) +. 
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iv. 2-((Vinylxoy)methyl)but-1-ene:  
 
Tri(ethyleneglycol) divinyl ether (2.68) (11.8 mL, 58 mmol) and 2-
methylenebutanol (2.56) (2 mL, 19.3 mmol) were dried over sodium sulfate and added to 
a flame–dried 2–neck round–bottom flask with palladium(II) acetate phenanthroline (0.39 
g, 0.97 mmol) and a stir bar. 1,3,5-trimethoxybenzene (207 mg, 1.23 mmol) was added as 
an internal standard for quantitative NMR. A septum was placed over one neck and a 
reflux condenser was attached to the other. The reaction was heated to 70 °C in an oil 
bath. Within 5 minutes, the bright orange solution turned red. The reaction was heated for 
7 h, giving a brown mixture. This was distilled under vacuum at 90 °C to give 2-
((vinylxoy)methyl)but-1-ene (2.71) as a clear, colorless liquid (0.73 g, 38% yield). 1H 
NMR (500 MHz, CDCl3) δ 6.46 (dd, J = 14.3, 6.7 Hz, 1 H), 5.04 (br s, 1 H), 4.95 (br s, 1 
H), 4.24 (dd, J = 14.3, 2.0 Hz, 1 H), 4.17 (s, 2 H), 4.02 (dd, J = 6.7, 2.0 Hz, 1 H), 2.10 (q, 
J = 7.5 Hz, 2 H), 1.07 (t, J = 7.5 Hz, 3 H). 
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v. (E)-3-(2-Methylenebutoxy)acrylic acid:  
 
Anhydrous THF (2 mL) was placed under nitrogen with a magnetic stir rod in a 
flame–dried 50 mL round–bottom flask. Freshly cut sodium metal (0.499 g, 21.7 mmol) 
was added to the flask followed by the addition of 2-methylenebutanol (1.35 g, 10.9 
mmol). The reaction mixture bubbled immediately, then turned cloudy. A reflux 
condenser was attached and the flask was heated to 45 °C in an oil bath for 7 h. After 
most of the sodium had dissolved, betaine 2.72 (1.9 g, 14.8 mmol) was added to the 
reaction mixture and heated to reflux for 28 h at 69 °C. The reaction was brought to rt 
and wet ether (~20 mL) was added to the flask. The mixture was transferred into a 
separatory funnel and 3:1 brine:water solution was added until all solids were dissolved 
(~20 mL), giving a clear orange color. The solution was acidified to pH ~1 with 2 M 
hydrochloric acid, causing the water layer to turn an opaque cream color, and then 
extracted with 4 × 15 mL diethyl ether. The product was dried with magnesium sulfate 
and concentrated under reduced pressure to give an orange solid (1.41 g, 83% yield). 1H 
NMR (500 MHz, CDCl3) δ 7.67 (d, J = 12.1 Hz, 1 H), 5.25 (d, J = 12.3 Hz, 1 H), 5.06 (d, 
J = 1.2 Hz, 1 H), 5.02 (d, J = 0.8 Hz, 1 H), 4.36 (s, 2 H), 2.09 (q, J = 7.3 Hz, 2 H), 1.08 (t, 
J = 7.5 Hz, 3 H). 
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vi. 4-Methylenehexanal:22 
 
 THF (105 mL) was placed with a magnetic stir rod under nitrogen in a 
flame-dried 500 mL round bottomed flask. Freshly cut sodium metal (2.40 g, 105 mmol) 
was added to the flask and allowed to stir, followed by the addition of 2-
methylenebutanol (4.52 g, 52.4 mmol). The reaction was brought to reflux at 45 °C in an 
oil bath. The reaction mixture immediate began to bubble and turned cloudy within a few 
minutes. After most of the sodium had dissolved, betaine 2.72 (9.19 g, 71.3 mmol) was 
added to the reaction mixture. This was left to reflux at 69 °C for 20 h, at which point the 
reaction mixture was allowed to cool to rt. Wet ether (~100 mL) was added to the flask, 
followed by the addition of a 3:1 brine:water solution until all solids in the flask were 
dissolved (~100 mL), turning the mixture a translucent orange color. The solution was 
acidified to pH ~1 with 2 M aqueous HCl, turning it an opaque cream color, and then 
extracted with diethyl ether (4 × 75 mL). The product was dried with MgSO4 and 
concentrated to give crude 3-(2-methylenebutoxy)acrylic acid (4.51 g) as a yellow-cream 
solid. 
The carboxylic acid (4.3 g) was transferred into a 10 mL round bottomed flask. A 
stir bar was added, and the flask was attached to a distillation apparatus under vacuum. 
The receiving flasks were cooled in a dry ice and isopropanol bath. The pot was heated to 
90 °C, and the material melted, eventually distilling to give 3.2 g of a mixture of product 
and leftover 2-methylenebutanol. Integration of 1H NMR peaks suggested ~2.5 g of 
                                                          
2 Based on the reported synthesis of 4-methylenepentanal: J. Mignone, M. S. 
Dissertation, University of Pittsburgh, 2005. 
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product (~58% yield from 2-methylenebutanol): 1H NMR (400 MHz, CDCl3) δ 9.78 (t, J 
= 1.7 Hz, 1 H), 4.78 (d, J = 1.2 Hz, 1 H), 4.70 (d, J = 1.2 Hz, 1 H), 2.58 (dt, J = 7.6, 1.7 
Hz, 2 H), 2.37 (t, J = 7.6 Hz, 2 H), 2.05 (q, J = 7.3 Hz, 2 H), 1.05 (t, J = 7.3, 3 H). 
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vii. (2-(1H-indol-3-yl)ethyl)(4-methylpent-4-en-1-yl)carbamoyl cyanide:  
 
A stir bar was added to a flame–dried 50 mL round–bottom flask. 
Tetracyanoethylene oxide (3.3 g, 23.1 mmol) and dioxane (15 mL) were added under 
nitrogen, and allowed to stir until the tetracyanoethylene oxide dissolved. The flask was 
cooled in an ice bath, and dimethyl sulfide (2.1 mL, 28.9 mmol) was added dropwise. 
The reaction was stirred for 2 h, then allowed to warm to rt. The resulting mixture was 
filtered with a syringe filter into a flame–dried 50 mL round–bottom flask containing the 
amine 2.76 (1.4 g, 5.79 mmol) in dioxane (8 mL). The resulting solution turned dark 
brown. A reflux condenser was attached under nitrogen. The mixture was allowed to stir 
at 90 °C for 3 h before cooling to rt. The dioxane was removed from the mixture via 
rotovap, leaving a black, sticky solid. The solid was dissolved in DCM, and run through a 
plug of silica gel with DCM as the eluent. The crude product was purified via a flash 
column chromatography (DCM/methanol gradient). Bands of various colors could be 
seen on the column. Fractions containing product were combined and concentrated via 
high vacuum to give a viscous burgundy liquid (0.53 g, 31% yield): Rf = 0.5 (DCM), UV. 
Two rotamers observed in a 1.05:1 mixture: minor rotamer: 1H NMR (500 MHz, CDCl3) 
δ 8.10 (s, 1 H), 7.60 (app t, J = 8.8 Hz, 1 H), 7.38 (d, J = 8.0 Hz, 1 H), 7.25–7.20 (m, 1 
H), 7.15 (q, J = 7.0 Hz, 1 H), 7.01 (br s, 1 H), 4.75 (s, 1 H), 4.68 (s, 1 H), 3.81 (t, J = 7.5 
Hz, 2 H), 3.41 (app quint, J = 7.6 Hz, 2 H), 3.1 (t, J = 7.5 Hz, 2 H), 2.0 (s, 3 H), 1.74–
1.57 (m, 4 H); major rotamer: 1H NMR (500 MHz, CDCl3) δ 8.15 (s, 1 H), 7.60 (app t, J 
= 8.8 Hz, 1 H), 7.38 (d, J = 8.0 Hz, 1 H), 7.25–7.20 (m, 1 H), 7.15 (q, J = 7.0 Hz, 1 H), 
7.01 (br s, 1 H), 4.75 (s, 1 H), 4.65 (s, 1 H), 3.67 (t, J = 7.5 Hz, 2 H), 3.41 (app quint, J = 
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7.6 Hz, 2 H), 3.05 (t, J = 7.5 Hz, 2 H), 1.74–1.57 (m, 7 H); 13C NMR (126 MHz, CDCl3) 
δ 145.0, 144.1, 143.6, 136.4, 127.1, 127.0, 122.7, 122.6, 122.58, 122.45, 122.3, 120.0, 
119.8, 118.5, 118.3, 111.6, 111.5, 111.3, 111.0, 50.0, 49.5, 46.5, 45.5, 34.8, 34.5, 26.5, 
25.3, 24.9, 23.1, 22.3 (two rotamers, individual peaks were not assigned to the major and 
minor rotamers); IR (500 MHz, CDCl3) δ (thin film) cm-1 3413, 3077, 2938, 2252, 2230, 
1668, 1457, 1429, 1374, 1339, 1312, 1231, 1189, 1153, 1126, 1094, 1071, 1012, 906, 
743, 648, 582; HRMS (ESI) calcd for [C18H21N3ONa]
+ 318.1577, found 318.1577 
[M+Na] +. 
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viii. (2-(1H-indol-3-yl)ethyl)(4-methylenehexyl)carbamoyl cyanide:  
 
A 25 mL round–bottom flask was charged with a stir bar and flame dried. 
Tetracyanoethylene oxide (1.38 g, 9.56 mmol) and dioxane (6 mL) were added under 
nitrogen, and allowed to stir until the tetracyanoethylene oxide dissolved. The flask was 
cooled in an ice bath, and dimethyl sulfide (0.873 mL, 12.0 mmol) was added dropwise. 
The reaction was stirred for two hours, then allowed to warm to rt. The resulting mixture 
was filtered with a syringe filter into a flame dried 50 mL round–bottom flask containing 
amine 2.52 (0.612 g, 2.39 mmol, synthesized by reductive amination, see section xii) in 
dioxane (9.56 mL). The resulting solution turned dark brown. A reflux condenser was 
attached under nitrogen. The mixture was allowed to stir at 90 °C for 3 h before cooling 
to rt. The dioxane was removed from the mixture under reduced pressure, leaving a 
black, sticky solid. The solid was dissolved in DCM and run through a plug of silica gel 
with DCM as the eluent (~50 mL). The crude product was purified via a flash column 
chromatography (DCM). Bands of various colors could be seen on the column. Fractions 
containing product were combined and concentrated via high vacuum to give a viscous 
burgundy liquid (0.181 g, 17% over 4 steps). Rf = 0.45 (DCM), KMnO4. Two rotamers 
observed in a 1:1 mixture: rotamer A: 1H NMR (500 MHz, CDCl3) δ 8.16 (s, 1 H), 7.58 
(app t, J = 7.3 Hz, 1 H), 7.33 (d, J = 8.15 Hz, 1 H), 7.19 (m, 1 H), 7.14 (m, 1 H), 6.96 (s, 
1 H), 4.75 (s, 1 H), 4.66 (s 1 H), 3.78 (t, J = 7.5 Hz, 1 H), 3.38 (app quint, J = 7.6 Hz, 2 
H), 3.06 (t, J = 7.1 Hz, 1 H), 1.99 (m, 4 H), 1.70 (m, 2H), 0.99 (t, J = 5 Hz, 3 H); rotamer 
B: 1H NMR (500 MHz, CDCl3) δ 8.20 (s, 1 H), 7.58 (app t, J = 7.3 Hz, 1 H), 7.33 (d, J = 
8.15 Hz, 1 H), 7.19 (m, 1 H), 7.14 (m, 1 H), 6.96 (s, 1 H), 4.75 (s, 1 H), 4.69 (s 1 H), 3.76 
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(t, J = 7.5 Hz, 1 H), 3.38 (app quint, J = 7.6 Hz, 2 H), 3.02 (t, J = 7.1 Hz, 1 H), 1.99 (m, 4 
H), 1.70 (m, 2H), 1.01 (t, J = 5 Hz, 3 H); 13C NMR (156 MHz, CDCl3) δ 149.7, 149.1, 
144.9, 136.3, 127.0, 122.3, 119.9, 118.2, 111.6, 111.5 110.7, 108.9, 108.6, 53.6, 49.46, 
49.48, 45.5, 33.2, 32.9, 26.6, 25.1, 25.0, 23.0, 12.4, 12.3 (two rotamers, individual peaks 
were not assigned to the major and minor rotamers); IR (thin film) cm-1 3407, 2965, 
2360, 2342, 1669, 1457, 1429; HRMS (ESI) calcd for [C19H23N3ONa]
+ 332.1733, found 
332.1736 [M + Na] +. 
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ix. 2-(1-(2-(1H-indol-3-yl)ethyl)-3-methyl-2-oxopiperidin-3-
yl)acetonitrile (representative cyanoamidation procedure 2): 
 
A solution of cyanoformamide (198.5 mg, 295.4 mmol) in m-xylene (1.3 mL) was 
prepared in the glovebox. A stir bar was added to a 1–dram vial along with Pd(PPh3)4 
(39.3 mg, 0.034 mmol) and triphenyl borane (65 mg, 0.269 mmol) in the glovebox. The 
cyanoformamide solution was added via syringe to give an opaque, yellow–orange 
solution. The vial was sealed with a Teflon® screw–cap and heated to 130 °C on an 
aluminum heating block. The solution turned red and translucent within minutes. This 
was allowed to stir for 24 h in the glovebox before being removed from heat, at which 
point it had turned a darker red–brown color. The reaction was concentrated under 
reduced pressure to give a viscous brown oil. This was purified via flash column 
chromatography (hex/EtOAc gradient) to give a viscous, dark orange oil (44.5 mg, 22% 
yield). 1:1 hex/EtOAc, Rf = 0.23, UV; 
1H NMR (500 MHz, CDCl3) δ 8.20 (br s, 1 H), 
7.64 (d, J = 7.5 Hz, 1 H), 7.35 (d, J = 8.0 Hz, 1 H), 7.19 (t, J = 8.0 Hz, 1 H), 7.12 (t, J = 
7.5 Hz, 1 H), 7.04 (br s, 1 H), 3.71–3.65 (m, 1 H), 3.63–3.57 (m, 1 H), 3.24–3.19 (m, 1 
H), 3.17–3.13 (m, 1 H), 3.03 (t, J = 7.7 Hz, 2 H) 2.69 (d, J = 16.5 Hz, 1 H), 2.61 (d, J = 
16.5 Hz, 1 H), 1.83–1.69 (m, 4 H), 1.32 (s, 3 H); 13C NMR (126 MHz, CDCl3) δ 171.9, 
136.4, 127.6, 122.3, 122.1, 119.5, 118.8, 118.2, 113.0, 111.4, 49.14, 49.07, 40.6, 33.0, 
28.8, 25.4, 23.1, 19.3; IR (thin film) cm-1 3299, 3058, 2937, 2865, 2247, 1728, 1622, 
1494, 1456, 1435, 1356, 1339, 1285, 1255, 1204, 1162, 1125, 1097, 1076, 1010, 912, 
742, 704, 647; HRMS (ESI) calcd for [C18H21N3ONa]
+ 318.1577, found 
318.1577[M+Na] +. 
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x. 2-(1-(2-(1H-indol-3-yl)ethyl)-3-ethyl-2-oxopiperidin-3-yl)acetonitrile 
(representative cyanoamidation procedure 1): 
 
Cyanoformamide (16.1 mg, 0.0520 mmol) was measured into a 1 mL crimp top 
vial and dried via high vacuum. A stir bar was added to the vial. Pd(PPh3)4 (11.8 mg, 
0.0102 mmol), Xantphos (5.8 mg, 0.0100 mmol), and triphenylborane (4.9 mg, 0.202 
mmol) were added to the vial in a nitrogen–filled glovebox. m-Xylene (0.1 mL) was 
added via syringe, and the cap was crimped onto the vial. The vial was removed from the 
glovebox and placed in an oil bath at 130 °C. The mixture was allowed to stir for 4 h 
before being removed from the heat, at which point it had turned a darker brown color. 
The cap was removed, and the contents transferred with chloroform into a vial suitable 
for concentration on the rotary evaporator. 5.1 mg (0.03 mmol) of 1,3,5-
trimethoxybenzene was added as an internal standard for quantitative NMR. The contents 
of the vial were concentrated to give a burgundy, highly viscous oil. The yield and 
conversion were determined by quantitative 1H NMR with a relaxation delay of 25 
seconds (9.3 mg, 58% yield, 100% conversion). To obtain pure product, multiple 
experiments were combined and purified in a large batch via flash column 
chromatography (hex/EtOAc gradient). 1:1 hex/EtOAc, Rf = 0.26, UV; 
1H NMR (500 
MHz, CDCl3) δ 8.30 (br s, 1 H), 7.63 (d, J = 7.5 Hz, 1 H), 7.34 (d, J = 8.0 Hz, 1 H), 7.17 
(t, J = 7.5 Hz, 1 H), 7.10 (t, J = 7.5 Hz, 1 H), 7.02 (s, 1 H), 3.70-3.60 (m, 2 H), 3.19 (t, J 
= 6.0 Hz, 2 H), 3.07-2.97 (m, 2 H), 2.70 (d, J = 16.5 Hz, 1 H), 2.53 (d, J = 16.5 Hz, 1 H), 
1.89-1.62 (m, 6 H), 0.87 (t, J = 7.5 Hz, 3 H); 13C NMR (126 MHz, CDCl3) δ 171.4, 
136.4, 127.5, 122.4, 122.0, 118.7, 118.4, 111.4, 49.04, 48.95, 43.9, 31.0, 29.8, 27.0, 23.2, 
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19.5, 8.6; IR (thin film) cm-1 3287, 3056, 2939, 2877, 2360, 2342, 2245, 1623, 1493, 
1458, 1358, 1340, 1293, 1232, 1201, 1160, 1098, 1010, 743; HRMS (ESI) calcd for 
[C19H23N3ONa]
+ 332.1733, found 332.1733 [M+Na]+. 
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xi. 1-(2-Amino-2-oxoethyl)-1-ethyl-2,3,4,6,7,12-hexahydro-1H- 
indolo[2,3-a]quinolizin-5-ium trifluoromethanesulfonate: 
 
Lactam 2.40 58.3 mg, 0.188 mmol) was transferred to an oven–dried 25 mL 
round–bottom flask using benzene. The solvent was removed under reduced pressure to 
dry the material via an azeotrope (3×). A stir bar was added and the flask was placed 
under nitrogen atmosphere. DCM (9.4 mL) was added, giving an orange solution. 
Trifluoromethanesulfonic acid (0.86 mL, 9.7 mmol) was added carefully with a glass 
syringe, forming a red precipitate. The reaction was allowed to stir at rt for 15 h. Sat. 
aqueous NaHCO3 (8 mL) was added dropwise under nitrogen, forming a white gas. The 
liquid appeared to boil and two layers formed. The DCM layer remained orange and the 
water layer was a cloudy yellow. This was stirred at rt under nitrogen for 7 h, and the 
water layer became translucent. The layers were separated and the DCM layer was dried 
over Na2SO4 and concentrated to give a shiny, dark yellow solid (81 mg, 94% yield). To 
crystallize, the product was dissolved in a minimum amount of 1:1 DCM/hex which was 
allowed evaporate slowly over 4 days. Crystalline needles were observed along with a 
brown solid. The crystals were collected, dissolved in minimal boiling DCM, and 
allowed to stand for 6 h. Hexanes was carefully layered on top. Upon standing, fuzzy 
orange needles formed. DCM, Rf = 0.45, KMnO4; 
1H NMR (500 MHz, CDCl3) δ 10.94 
(br s, 1 H), 7.85 (d, J = 8.5 Hz, 1 H), 7.52 (d, J = 8.2 Hz, 1 H), 7.44 (t, J = 8 Hz, 1 H), 
7.17 (t, J = 7.6 Hz, 1 H), 7.12 (br s, 1 H), 5.08 (br s, 1 H), 4.09–3.91 (m, 3 H), 3.98 (d, J 
= 18.3 Hz, 1 H), 3.81 (br d, J = 14 Hz, 1 H), 3.26–3.15 (m, 2 H), 2.79 (d, J = 18.5 Hz, 1 
H), 2.27–2.22 (m, 1 H), 2.10–2.01 (m, 4 H), 1.94–1.86 (m, 1 H), 1.02 (t, J = 7.3 Hz, 3 H); 
186 
 
13C NMR (126 MHz, CDCl3) δ 174.1, 172.4, 141.7, 129.6, 124.92, 124.89, 123.1, 122.2, 
120.6, 114.7, 54.6, 43.9, 42.1, 30.7, 29.1, 19.5, 18.4, 8.4; 19F NMR (376 MHz, MeOD) δ 
80.0; IR (thin film) cm-1 3322, 3017, 2969, 1673, 1621, 1598, 1528, 1470, 1437, 1337, 
1280, 1225, 1164, 1030, 753, 666, 634; HRMS (ESI) calcd for [C19H24N3O]
+ 310.1914, 
found 310.1915; mp 40 °C (from DCM/hex).  
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xii. N-(2-(1H-indol-3-yl)ethyl)-4-methylpent-4-en-1-amine: 
 
Ethanol was dried over activated molecular sieves for 72 h. Tryptamine (1.27 g, 
7.96 mmol), ethanol (32 mL), and 4-methylenepentanal (0.78 g, 7.96 mmol) were 
combined in a sealed reaction vessel with a Teflon® screw–cap. The orange mixture was 
stirred at 40 °C in an oil bath for 24 h. Sodium borohydride (0.38 g, 9.95 mmol) was 
added, and the dark orange mixture became light orange in color. After stirring for an 
additional 28 h, the reaction mixture was yellow and cloudy. Gas evolution was observed 
upon removal of the cap. The reaction mixture was concentrated under reduced pressure. 
Aqueous sodium bicarbonate was added, then the mixture was extracted with ethyl 
acetate (3 × 15 mL). The organic fractions were combined, dried with brine and 
magnesium sulfate, and concentrated to give the product as an orange liquid. 1,3,5-
trimethoxybenzene (108.3 mg) was added as an internal standard and the yield was 
calculated by quantitative 1H NMR (1.26 g, 69% yield). 1H NMR (500 MHz, CDCl3) δ 
8.17 (br s, 1 H), 7.63 (t, J = 7.5 Hz, 1 H), 7.35 (d, J = 8.3 Hz, 1 H), 7.19 (t, J = 7 Hz, 1 
H), 7.11 (t, J = 8 Hz, 1 H), 7.03 (br s, 1 H), 4.99 (s) and 4.88 (s) (1 H, two rotamers), 4.66 
(s) and 4.62 (s) (1 H, two rotamers), 3.05–2.90 (m, 4 H), 2.63 (t, J = 7.3 Hz, 1 H), 1.99 (t, 
J = 7.5, 1 H), 1.75–1.58 (m, 6 H), 1.36 (d, J = 5.3, 1 H). 
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